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NONTECHNICAL SUMMARY

Because of technol ogical advances in visual display design , the question

of the effectiveness of color as a visua l code is of great current interest.

T h is invest i gat i on was conducted , t herefore , as an attempt to evaluate the ef-

fectiveness of color coding relative to achromatic letters , digits , and shapes.

The basic approach was through an analysis of the literature and a comparison

of the effects on simple task performance of presenting information by these

four methods. The laboratory work was done with three classe s of comparisons:

(1) when the tasks were performed singly, (2) when the tasks were performed in

irregularly alternating combination s , and (3) when the tasks were subtasks in

a complex air traffic control task. Another experiment , not in that series.

conipa red the performance of color defective subjects w i th those hav i ng norma l

color vision in a search task in which the color stimuli were totally i rrele-

vant , but interfering with target acquisition . The results of the 14 experi-

ments conducted provided no basis for concluding that col or has any peculiar

advantage or disadvantage to task performance that makes it different from the

achromatic codes used for compa ri son. It is concluded that it is not color

qg~ color that should be of interest or concern , but the fact that color can be

use d as one r ’ rjre dimension along which information can be presented. Whether

it should be used for that purpose depends upon how it compa res for any partic-

ula r purpose and in cost to other possible codes.

The report also emphasizes the diffe rences between image resolution and

the further informational processing of acquired images by the user. The for-

mer depends upon such factors as contrast , s i ze , etc. The latter depends upon

the information coding properties of displays and symbols within displays. To

that end ten general principles or working hypotheses of information coding are

presen ted. It is concluded that color does not differ from other possible cod-

inçj sets in that they a ll follow these principles .
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1
I Rementering that any one codin g set could be made to appear advantageous

or otherwise , Table 1 may be used to evaluate the differences that have been

reported in comparing color coding with achromatic codes. The tabl e is a re-

I v i s i on of a similar table prepared by Christ (1975) altered however to in-

corporate the experimental work of this project.

I __________________________________
ACCL SR~i N  ~~r 

-I NT IS V .r :. ~.‘:on ~~~
‘

rrI ’ u u  ~~‘fl o
I j . ’, i ’ I~~~~ 

1)

ius:~1 c -

I 
________ 

_ H
I
I
I
I,

I
I
I
I
I



0O

>, c~ o OsJ D .- 0 in
.4-) . . .
. (NJ .— — 0 O’I 0 in N. N..
In

.—. C I I I I
>, aj
0 0
to

.~~ S.-
U, ~~(0 0 ~~

I— 0
~~ >, (‘4 0 ~~~

. 01 O~ Q ~~>,—_ 4-’ . . .
5- — 0 in ~~

. 
~~ — N. in C”)

o VI r
E C I I I I I I I I
a) a)

C

aD -

to
o >, ~~~ 00 ~~

- N. N. N. 

4- a, .
~~~ CO ‘.0 0 N- 00 N. in C”) CD

~~~ E In I— C’.,) .— .‘—
C I -

I—
(0 05)

S.-
o

C
o o~-

U,
..— In ~~~ 0 00 CD in c’.j 0” 0’,

05) in C .— (‘4 ,—
‘I, ~z a,
D I~- 0

a)
0

4—s Lii
I— (“.1

5-
o _J .~~14.. 0 VI >‘, C’) Li’) (“4 0) ‘.0 C’,) 0” N- 0

U) (O~~~” 4) . . .
U) ‘-. I— a, ‘- N. . CO • 

~
— 0 (.0 (NJ .— ()

a, E VI (‘.4 (‘4 ~~ ,— C’.) — t— ,—
5.. C

Lii 0 -(-‘ I— a)
_J 0 (0 0
00 U) 005)

0 (f)
I— a)

o —.,o ~~~C
05) 0 VI >~ ‘.0 (‘4 00 c” 0” N. (“4 ~~ 0)
5- 5 - a ,  ~~~ • . .
a) to ~~ ~~ CD C’.i CD 00 CD CD
4- QJ —’ If) I I I
4- U) C

a)
CD CD
4)
C
a)
o
S.- U)
05) (0
0. -~~~~~~a)
C C E
(0 O~-

4-’ C’, ,-•
0 0)
t o y )  ‘—
a ) C  I
c~ 00.

0 0 5 )
0-.--

-C
L)

C
In
5 . - In In 0
o 5.- 5- 5-

— 0 0 0)
w 0 ,— .— a, -~~ ...j ..j CD CD in in

~0 ‘..-, 0 o -o 0 “-~ -~ ‘-. -~.. -..o L) C.-) 0 to L) L) L) L) L) C..)
C.) • L)a)

‘9) . . I
05) > If) In p— 4J U) In U) In if) In

I— > > (OC > > > > > >
0) U)
C 5- U) if) CD ~~ ..J ..j CD CD in in

a, 4.) a, In ‘ .. ‘~ ~~~~ ~~~ “-
in 4-’ 0. C CD in ...i in ,.J CD

4) 0
a, •. .C C.)

CD in —

iii



I
..- (0 Q (‘.4 (.0 (‘4 C’..) CD (.0 CD a)
In I I I I I I
C

>.,
o 0 5 ) 0( f )
to C9-

a ,—I t o O  (0~
F — U  .0 C

~~ >) in (‘4 ‘.0 in (.0 (“4 CD (“4 ‘.0 0 a, 0) i-i
>,.-— 4) , . . . 5.- C
5- - i-. C’) in — CD C) CD — (0 C”) 4.) (0~~~0 In I I I
E C ~~~ U ) a )a )
a) a, 4 ) C 0 0 In

CD 0 a ) 0 I f l
I E -,- S..o0

C 04) 0. .—
0 5. _ t o  ~0

• .,— 9—~~,- S.- C a ,
4-’ cO > a )~~~~~>(0 0)04 .1..’ 0r -

5 0 >, 01 N.. .— N. 
~~ C”) i~~ CD , C 5- 4.) 5... . —

e - .  4.) • .  --- .0 a) 0) (0
4- a) .~~~ C”) IC) ‘.0 CD (‘.4 CD in C”) CD 0.0 ,— .~~~~.—E In ‘— (NJ — ,— ,— 0 .~~ U a)
4) .,- C I 0 a ) r~~~5-C I —  0)
a) CD 5- .4) (0
0a )  05 -  .#.‘

,—0 I n a , a ,
C 0.— >, D) S..
0 (0 0 0 ( 0 5- 0
C). 

, 
U — t O O

‘ 
VI >‘, N .. in in OlD in (0~ 0’) in .— 0.4) In
a) 4) - -

c~ -.- C’) N. N. ‘.0 .— 1.0 — — ~ ~ 0 05)
II) ‘-.-- (I) C”) .— ~ 0 0 C >

C I I I I I .C
U) 05) 0 4 .) a ) a ) 4~

)
CD a)-.-0 to

I— C~~~~~0 4-) C)
.,— 0 a,

CD t o Q ) I I n
— LI.)

(NJ . C )C ( 0 Ct o
—
00

C ~~ In >, C”) (0. CD in C’.) in C’,) — in 05) 5- a, 5..
C) ‘0-~~ 4-’ - -  0 0 5 - 5 - 0

4.) ~~ ~~
. a, .,_ EC) ‘.0 in (0’ ‘.0 in 0) CD C 4- 0 0..C E ,— — — (0 5.. Si- a, 0

0 a) ’.- C E Q  5 - 0
C.-) 4~) )._ a)

to CD 0 ..C 4-
o a) 4 - W 5 - U ) 0

— 0 1/)
-I C  a)4 ) 4-’ ,— a)
‘—.0  (0’ 0.

LU ~~~~0. > a ,  ~~_ i U  v >‘, 10 in CD (0’ CD CD N. (‘4 (1) .0 ,— a)
00 S.~~Q) 4-) . - .~~ a,

CD it) N CD in CO CD .— C’) 4) a) I) 4) .C
I— a , —  In ‘ — I 0 4’

U) C
a) C a )  C~~~CD .,_ 5... •‘ ••_ 4-’

4.) a, 4) ~~~~.-04- -.- 0 ~
~~4- 0).—
5- ’.- ‘- .— C

VI .0 4 - t o
(C ~~~4-’ II C)
F—---. 5-

a) .C C D a ) a ,
C E  >,4-) 4-i >O~ e .0 4-’ .’~“- F--
4’ ‘0 — CD CO N. in C”') CD CD C C 0.— (0
o a )  . .  a).,- to
(C- In (0’ CD (NJ C”) CD 0) .— — C”) C 0 .C a) a)

I I
C >  4-’

0. 5-~~,-- o to
a)y) a) ..- .
U a)  4.) 5 - a , y~..—

~~~~~
• 0 —

. CE U 1 C
5-) a, -4-’ O 0

5.- a)4).~
_

-o ~~~C 0)CP C IC- Il ~~~~
• U) ) In (C

5- In If) 0 0) O’in 4-) W
0 5 - 5 -  5 S - C  5-
— 0 0 0) 0 -.— .s flJ~~~a) 0 — ,— .~~ .J _J CD CD in in U 0 4..) .C U
5-) 0 0 a, U —. ‘--, -... -. - VS 0 0 -4-’ U’)r 0 c..., c~ o o Si) C... 5-) 5-) 5-) Si) 0 0

‘ 
C..) • O m  a) I nG )
I In . . 5-) 0 5 - 5 - 4 ’ >

a) > In In 14 .) ‘1) If) If) If) In U) C 0 0 C ~ .-
— > > ‘—C > > > > > >
0) (I) (C-- toC I .  u~ In ~~ 4.) .j J CD CD in ~) 05) C.) U 05) In

05) 4-) 05) CD ~~ - . ~~~~ ‘--.. -. ‘-. -... 4— 5.- 0
(1) 4-’ -.- 0. C CD U) ..J in ...J CD 4- 4~) II 0. 0.

4 ) 0) 90 0 ‘-~~~~~ 05)
C.-)

~

-4 CD U) 

~~~~~~~~~ 

(0



PRE FACE

We wish to express our appreci ation to Commander Donald C. ~anson , con-

tract mon i tor , for h i s pat i ence , encouragement , and skill as a commun i cation

l ink and filter between the contingencies and exi gencies of military aircraft

cockpit design and the contingencies and exigencies of laboratory resea rch .

We are also very appreciat ive of the contribution s of Nan cy E. Hutchcroft who

assisted throughout the entire investigation in the collect i on and analys i s

of data and who drew all of the figures , and to Julie Soodrich , typis.. , edi-

tor , and keeper of the style manual.

Special gratitude is owed to Ara Lee Stevens for the construction and

maintenance of the hardwa re system and to Donna Steven s for the development

o~ the softwa re sys tem , both necessary accomplishments for the overall suc-

cess of the research program.

V 1’



1

TABLE OF CONTENTS

I Tit le

I LIST OF FIGURES 

PA R T I  1

I 
COLOR AND VISU AL INFORMATION CODING I

COLOR AS A CODING DIMENSION 3

$ Principle 1: The Principle of Attensity 4

I ~rincip le 2: The Principle of Identifi able Code Elements 5

- iicip le 3: The Principle of Information 8

I Principle 4: The Principle of Input Rate 9

Principle 5: The Principle of Chunking 10

Principle 6: The Principle of Redundancy , Irrelevancy and
Compulsive Encoding 11

Principle 7: The Princi ple of Processing Priori ty 12

Principle 8: The Principle of Integrality 13

I Principle 9: The Principle of Tempora l Orde r 13

I Principle 10: The Principle of Practice 14

REVIEW OF PREVIOUS REPORTS 16

1 MULTIPLE TA SK EXPERIMENTS 26

Experi ment 1: Combined Task I 28

Experi ment 2: Conbined Task II 30

F Experiment 3: Integrated Task 31

DISCUSS ION AND CONCLUSION S 33

F
I vi



TABL E OF CONTENTS ( Continued- l)

PART II 35

EXPERIMENT 1: COMBINED TASK I 35

METHOD 35

Apparatus 35

Programming 43

Subj ects 44

Procedure 44

RESULTS 49

Choice Reaction Task 49

Search and Locate Task 54

Identification -Memory Task 55

DISCUSSION 72

EXPERIMENT 2: COMBINED TASK II 74

METHOD 75

Appa ratus 75

Subjects 75

Procedure 76

RESULTS 78

Cho i ce React i on Task 79

Search and Locate Tas k 80

Identification -Memory Task 82

Comparison Task 84

DISCUSSION 85

v ii 

-
~~~

- -



I
I TABLE OF CONTENTS (Continued- 2)

EXPERIMENT 3: INTEGRATED TASK 86

I METHOD 87

Apparatus 87

I Subjects 91

I 
Integrated Tasks 92

Procedure 98

RESULTS 103

Pre -criterion Training Performance 104

Criterion Performa nce 106

Subject Prefe rences 113

I GENERAL CONCLUSIONS 114

REFERENCES 116

I
I
I
I

p vi ii



LIST OF FIGURES

[~gure Number 
- Title

Choice reaction time as a function of the
num ber of target alternatives separa tely
for each target code set and for certain
and uncertain target posit~~is. (Data
from Christ and Corso , 1975) 22

2 Searc h an d loca te time as a func t ion of
display density separately for each target
code set . (Data from Christ and Corso.
1975) 25

3 A photo graphic view of the apparat ; as
seen ove r t he lef t shou ld er of a ~.ubject 37

4 A photographic view of the display and
co n trol conso l es 38

S Photographs of nine filns used ~~~~~~~~~ t he
single plane readouts 39

6 Examples of the types of matrix displays
used in Experiments 1 and 2. The small
c i rcles  i n C re p resen t th e l oca ti on of
colored dots in the display 42

7 Cho ice reaction time in Experi ment 1 as a
function of target and background code
sets 52

8 Percentage of correct search and locate
responses in Expe riment 1 as a function of
target and back ground cede sets 56

9 Search and locate time in Expe riment 1 as
a function of target and back groun d code
sets 59

10 Pe rcenta ge of t a r gets correc t ly id en t ifi ed
in the i dentification-memory task in
Experimen t 1 as a function of target and
background code sets 63

ix



I
LIST OF FIGURES (Continued—l)

Figure Numbe r Ti t le

I ll Fir st response time and overall mean
response time in the identification -
memory task i n Exper iment 1 as a
function of display density and target
and background code sets 67

12 Search an d locate time in Experiment 2
as a function of target and background
code sets 81

13 Percentage of initially present aircraft
on the area d i splay at the end of a run
in Experiment 3 as a function of phase

I and criteri on vs. control trials 107

14 Mean response time in the choi ce reaction ,
sea rch and locate , and comparison tasks
of Experiment 3 as a function of phase
and criteri on vs. control trials 109

15 Mean first response time , mean num ber
correct , and mean overall correct response

I ti’~~ in the full and partial identifica-
tion-memory task of Experiment 3 as a
function of phase and criterion trials

I (sol id lines) vs. control trials (dashed
lines) 111

I
I

r X



1
COLOR RESEARCH FOR VISUAL DISPLAYS

This report presents the results of an investi gation of the effects on hu-

man task performance of color coding in visual displays. The report ront d lnS

two parts. Part I offers ten selected genera l p~incip les of coding ~“ h u r -~an

information processin g wh i ch apply to any coding technique. The advantages and

disadvantages of color are considered in terms of these principles and the

ques tion of whether color as a coding method offers something more than would

be expected of any otrier coding method is raised. The principles are also used

to eva~uate how color mig ht be used most advanta geously if ~t were used. 
.~v !

under what conditions color might be detrimental to performance. Part I then

presents the results of the entire investigation fi rst by summarizing our pre-

viously reported findings , a nd secondl y by present i n o the resu l t s  of ne~i exper-

i rnents. All of these results are then evaluated and conclusions are drawn .

Pa rt II is a detailed presentation of the new experiments presented Li ab-

breviated fQr!n in Part I.

PART I

Color and Visual Information Coding

Color may be usefu l in visua l displays in three ways . F i rst , it may pro-

vide pi cto r~a1 or scenic realism and a visually pleasant experience . That is ,

it m ay provide an esthetic stimulation as opposed to the bleakness of a black-

and- white or monochrome display . Experienced operators such as aircraft pilots

and photo-interpreters have been shown to prefer col ored displays for that rea-

son . The ev idence , however , does not suggest that the esthetic gain is associ-

ated with improved task performance although the operators may believ e the co’.

trary (~ firist and Teichner , 1973; Christ , ln75). - 
- 

.~~ -
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Secondly, color mi ght be used in an attempt to overcome the effects of

i ’lane denradation or of ;nasking effects due to clutter or other visual noise.

Ir this case , th e poss ibl e use of color rep resents an attempt to ai d the i mage-

reso lving sensory process. The idea that such aids are possible with color

appea rs to be one of the assumptions underlying the advoca cy of color in imaUe-

type or pictorial displays . Suppose , for exam ple , a black-and—white display

having a target image of low bri ghtness contrast. As a result the contours of

the image are difficult to resolve. Woul d the situation he helped if the tar-

get were green and that color were different from that of its ininediate sur-

round? Studies of contrast show that bri ghtness contrast is maximum for colored

targets when the target ~avelen gth and the surroun d wavelength are the same

(e.g. , Jameson and Hurv i ch , 1959). Thus , color should not help.

Studies of the effects of chromatic contrast on visua l acuity have general-

ly shown that color contrast does not contribute to the spatial resolution of

images relative to bri ghtness contrast unless bri ghtness contrast is very small.

For mo derate  l evels of bri ghtness contrast a colored object may be more or less

visible tha i a corresponding neutra l object depending on the colors and sources

invo l ved (e.g., ~~~~~~~~ an d Eastman , 1970). Gi ven that the display would contain

least - nr 1er ~~t - levels o~ b r ig h tness cont rast , i t woul d be expected , that at

th l  most , colcr in the display would not help, and that it could even be detri-

‘ lr ~~ l ~~ - ri tij r  detection compa red to a black-and-white display or to a mono-

c~~ ro ’ie ~i ~ 1 - i / .

~ -h ird possible use of col or is in the coding of informational events in

-I _i - J r lisp I -~~s . For thi s purpose col or may be used to represent mean i ng i n

b s-~ ‘ -  , I’fl I t ha t  a let ter  or numera l or shape might be used. Color may also

be ised “ i den ”ify ri reas or visual events of interest . Suppose for the example

~~:
‘;-I , t h a t  the target was colored green and that the green color could 

be2



1
recogni zed readi l y even thou gh there were di ffi cul ti es i n contour resolu ti on .

In that case even though resolution were poor , the target could be i dentified

if green were a necessa ry fea ture of the target , and if non-targets were not

also green . In this case color is a feature code.

‘ 
The distinction between the second and third po ssible use of color is one

between sensory processing of visua l data to the point of image acquisition and

a perceptual-cognitive processing of the acquired image. The former depends

upon contrast , si ze , etc. The latter depends upon the amount of information in

the stimulus and other characteristics of the stimulus that we shall conside r

be l ow. For the example used , a successful target id entif i cat i on is des i red i n

both cases . However , wi thout an appropriate experimental arrangement , no con-

clus ion about which process is involved is possible. That is possible only by

designi ng the experimental procedure s so as to preclude the effects of either

the sensory or the informational variables . The data that we sha ll be reporting

were collec ted with essentially noiseless displays having images resolvable at

well above threshold sensory resolution . There was never a question of whether

the subject coul d resolve the image or whether he could p rovi de a detai led de-

scri ption of the targets. non-sensory condi tions permitti ng. The inves tigati on s

the refore , was concerned w it h the use of color for codi n g and not for image

resolution .

Col or as a Coding Dimension

In this section we summarize the advantages and disadvantages of color cod-

log in terms of ten principle s of human info rmation processing. Some of these

principles are better developed than others so that they may also be viewed as

ten work in ,y hypotheses which we are proposing. Since a comprehensive presenta-

tion of h uman informat i on processing applied to the design of visua l displays is

r~~ond the scope of this report , the discussion is restricted to those principles

1



which appear to be most important and most applicable to the present problem.

Principle 1: The Principle of Attensity .

Attensity is the attention-getting quality of a signal (Klein , 1964 ;

Ti tchener , 1910). Attensity depends upon three genera l factors:

1. The greater the differences between the signal and other signals pre-

sented either simultaneously or successively, the greater the attensity . It is

no t t he b r ig h tness of a s i gnal wh i ch i s attract i n g; i t is the d i f ference i n

brigh tness between that signal and other sig nals , or , for a s ig nal  by i tsel f,

between the signal and its surround (contrast). However , a signal at high con-

trast has less attens i veness i n a set of other si gnals wh ich are also at hig h

contrast , th an when alone . Furthermore , the lar ger the sig nal set di sp la yed at

one ti me , all at hig h contrast , the less the attens ity of any signal i n it. It

is , therefore , not the contrast as such , but the difference in contrast whi ch

is important. Similarly, a colored symbol has greater attensity when it is the

only colored symbol than when other symbol s are also in col or, an d the more s im-

ilar- those other colors , the less the attens ity of any one.

For other coding sets such as shapes wh i ch do not fall on an intensive di-

men si on , there is reason to suppose that this aspect of the principle can be ex-

pressed in terms of the critical features of the signal. It is likely that dif-

ferences between signals in the points and lines of shapes determine attensity

levels. For example , a hexagon may be more attensive when next to a circle than

when nex t to a pentagon .

2. T~e greater the nove lty or surprise value of a signal , the greater t~e

attensity . That is , the lower the probability of signal occurrence , the greater

the attensity .

3. Habituation to a signal decreases its attensity . The more frequently

the signal occurs without consequence , the less its novelty , and, therefore , the4
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less its attensity .

Atten sity has critica l design implicatio ns. For exam ple , the greater the

importance of a particular event or the less its probability in a set of sym-

I bols , the greater the attention -getting value it require s when it occurs . This

implies: (a) important or low probabili ty visual events should “stand out” i n

• the sense of unusua l or very diffe rent color , or brightness , or movemen t, (b)

all possibl e efforts shoul d be made to m ini mi ze hab i tuat i on to the event . To

achi eve that requirement means that the event should not occur in a nearby con-

P text or in what might be called a waiting mode . To i llustrate , suppose that an

arc of a dial -and-needle indicator were colored red meaning danger whenever the
I needle rested in the arc. Since the red color is always present , the operator

may become habituated to its presence and , therefore , have to rely on needle

position , as such , as a pri mary indicator and then color as a secondary ind ica-

I tor. A better display would be one for which the red color appea red only as the

needle moved into the arc. Alon g a related line, some degree of habituation

mi rTht occur , v r ~n to the better display if red lig hts or red symbol s were flash-

inn on and of~ from time to time on nearby displays.

Princi ple 2: The inci le of Identifiab le Code Elements.

~be greater the numbe r of unique values or items which can be identified

alon n a dimension , the large r the amount and the greater the flexibilit y of

coding possible. The critic al term here is j
~~~jfy 

since the number of unique

elements that can be used to represent different elements of information is

lim ited to those value s on the dimension which the individua l can name or i denti-

1 fy on an absol ute basis. The number of va l ues that can be discri minated as dif-

I ferent from each other without being i dentif ’able when alone is always much

greater.

I The absolute i dentification of color depends to a great extent on

1



wavelen gth , but it also depends impo rtantly upon luminance or intensity and the

inte rac tion of intensity and wavelength (Bezold-Brücke shift). For briefly

seen displays , at least of small size , it depends upon Bloch ’s law as wel l , i.

e. , the name niven to a small briefly seen color will remain coi~stant onl y i f

the total energy (intensity x signal duration ) remains constant (Ka iser , 1968).

St ill other factors such as the color of the target surround which may induce

con~Hementary colors of the target (Jameson and Hurvich , 1959; Ishak , Bouma ,

and van Busse l , 1970), and the general condi ti ons such as i ntens i ty di fferences ,

wavelength differences , size differences , saturat i on , etc . wi ll determi ne the

n um ber of di sc ri m i nably different an d uni quely i den ti fi able colors . No one has

yet attempted to put all of these factors together to determine how color nam-

ing varies with their joint and interact i ve effects , but it can be estimated

that , on the ave age, identification is limited to about nine colors (Jones.

1 962) although with extensive , very specific practice , as man y as 20 or more

m ight be possible (Feallock , Southard , Kobayask i , and Howell , 1966). In any

case even n ine colors i s a matter for the future , since current technolo gy ap-

pears limited to 3-4 colors on pictorial displays and perhaps , six on discrete

indicators. For the present purpose , therefore, we shall assume an upper limi t

of 4-6 absolutely i dentifi able colors as the set which could compri se a color

code.

Assum ing 4-6 colors , the color dimension offers very little for the de-

tailed unidi rnensional encoding of moderate to large info rmation sources. It

certainly does not compare to letters of the alphabet (26) or even di gits (10).

It does not compare to shape or form coding which has an almost limit ’ ecs possi-

bility for information encoding. What it does compare to are other physica l

dimension s such as sizes and bri ghtnesses both of which are in the same genera l

range as color . F

6
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On this basis the use of color for information coding should be restricted

to s m a l l  s i gna l or messa ge sets . That may take two forms. First , suc h sor.irces

are genera l l y the  case for d i scre te i n di cators , warning signals , l imited areal

demarcation as on maps , and uni que designations for 4-6 specific targets. The

size of the color set may be adequate for most cases of these kinds. ~Lote that

these ex amp les are a l l  of un i d imerr s i onal cod i n g in that it is the color alone

which defines the target or signal or area .

Col or as a small code set may also be used in multidimensional coding

whether to orov i de information supplemertary to a primary desi gnation , or to

provide summary or organized info rmation , or to provide feature redundancy ‘ ,r

target ide nt iFication. All of these are considered in the princip l es d i scussed

below . At this point , however , it may be useful to i l lustrate what is meant by

the terms.

Conside r a display of symbol s rep resenting a variety of aircraft . Unidi-

mensionall y each ava i la ble color mi ght be used to desi gnate a specifi c ki nd of
1

-aircraft . However , many more specifi c kinds of aircraft can be desi gnated by

letters or shapes so that it mi ght be r;o re useful to use color coding to desi g-

nate more genera l aspects of the aircra ft. One color might be used with all

shape s representing c iv i l ian aircraft and another color for mil i tary airc ra ft

(or fr iendly and enemy). This is bidi rnensional coding since the symbols may

vary in both color and shape. Color provides a dimension for classify ing; the

other dimension provides a basis for specific identifications.

Suppose that each color represents a class or category of information as

above , but that a particular color (class) is used as a su rnary encoder. This

could be done by using a spot of a given color with a number superimposed on it

to mean the number of aircraft i n a particular class . Again , this i s bi dimen-

si onal , but here col or is organizing or classifying and serves as the code base

7
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for the numerical data.

Principle 3: The Princ~pj, ! of Information.

I he greater the amount of information (in the Shannon sense) in a code , the

lon ger the processing time required per code element (Teichner and Krebs , l 974b).

I t is alre ady well-established that col or coding follows this principle in com-

mon with othe r codes. Amount of information depends upon both the numbe r of

possible values or elements in the code set and their probabilities of occur-

rence. Note that the principle says nothing about the effect of information on

error. This is because in the absence of a time limit within which the respon-

ses must occur , for an operator who know s the code , the error rate wi ll be very

low (although greater than zero ) and can be ignore d for our purposes. Pr i nc i-

ple 3 implies a trade-off between the amount of information that can be encoded

an d the process ing time in terms of the size of the code set . We have already

su~UJeSte d tha t color will p robably be best applied to small or moderate infor-

-nation sources. Principle 3 implies that the size of the set or the signal in-

for-iati on should not be greater than the numbe r of events or elements to be en-

coded. Thus , using letters to encode a two-bit source would not provide any

greate r information transmission than color , and woul d cost more by requ i r in g

‘ ore pr ocessi on time .

Princ ~p~e 3 is importantly affected by practice. The less practi ced the

operator , the steeper will be the information function (Teichner and Krebs ,

1974b). A sufficiently practice d operator might show no effect of Principle 3.

For a 6-element code set with push-button responses that level of performance

wou ld be expected to require app roxima tel y one m i llion tri als of practi ce before

no furthe r practice effect would be observed. However, the major effects of

pract i ce occur in considerably fewer trials (Teichner and Krebs , 1974b).

Pr inciple 3 is so well-established that it can be assumed to operate in any8



situation , understanding that the function is attenuated by practice. Conse-

I ~uentl y, in set t ing up the present experi mental procedures , there seemed to be

no purpose in comparing six colors against 26 letters , or 10 di gits , or some

I large number of shapes. The issue of whether or not color should be used in

visual displays , using task performance as a criterion , is whether it offers

I something moo re than what might be expected from Principle 3. To enhance the

~ possib M ity of answering that question , code sets were compare d consi sti ng of

the same six col ors vs. six letters vs. six digits vs. six common geometric

sr’apes. Subjects used in the experiments were give n extensive practice in the

hope that the letter , digit and shape sets would be established as six each

I atho r than the ori ginal larger set sizes .

P rin c~p le 4 : The P ri ncipje of I~~~~~~~e.

As the rate of information transmi tted along a channel to a h uman receiver

I increases, t he  rate of correct reception increases to a limiting value (Teich-

ner and Krebs , l974a). When the input rate increases past that limiting value

I one o~ the following happens: (a) ~he rate of reception remains constant at

I the limiting rate resulting in varied kinds of errors of omission , or (h) the

human establishes priorities which result in a selective recept i on of data and

consequen t ly sel ecti ve errors of omi ssion , or (c) he attempts to keep up with

the increase resulting in erro rs of commission as well as of omission . What he

does will depend upon response requirements , short-term memory requirements,

the payoffs and ri sks in the situation , and skill level.

For v i sua l di sp la ys the in put ra te or load depen ds upon the amoun t of i n for-

I mation di splayed and the rate of change of the displ ays. The limiting rate

varies wi l~ ~he task up to a maximum of over five bits per second for a visua l

sea rch task involving acquisition of a sing le unidimensional target symbol in a

matri x of symbols such ~s letters , digits , sha pes , or colors (Teichne r and

9
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Krehs , l974a). * For other kinds of tasks the limiting rate is considerably

less .

When the human receiver attempts to keep up with increases in input rate .

he does so b•y m anipulating the trade-off between speed and accuracy. Errors of

coninission result from a l owering of the criterion for recognition of the sig-

n a l. Aithou ch l owering the criterion decreases the time needed for acquisition

o~ the sinnal , it increases the probability of incorrect recognition and of

~ilse ai arc ;. To minimize this increase in error probability , the probability

o~ error should be low in the first place . A small set suc h as offered by 4-6

color symbols will be associ ated with less error as the input rate increases

‘~~~an would a large set , such as letters of the alphabet , assuming a hig h level

~~~~ sensory resolution ~or both.

~rin ci p Ie 5: The_ Prin jile of Ch~~~~~ .

A lthou oh humans can i dentif y on an absol ute basis only about 3 bits of in-

‘ or’ — ti o n al r n g a physical dimension or 4—5 bits along an arbitra ry dimension

suc h as th e al pha bet , they are able to process large quantities of information

i f allowed to organize it into di screte organizational units or chunks (Miller .

1956). These chunks are especially important to memory as they are the units

which are stored and then retrieve d and decoded. A chunk in a particular case

mig ht be the stored form of a phoneme or a wor d , or a shape , or a color , etc.

whi ch whe n dec oded resul ts in a l a r ger amount of i nfo rmat ion . I t i s p roba bly

true tha t some k i n ds of symbols are bette r for memo ry cod i n g than others , and i t

i s certai nl y true that the smaller the set the greater the speed and accuracy of

both encoding into memory and retrieval from it. The princ ip le argues , there-

fore, that when multiple signal sets are to be used at one time , or close in

* Th is value is based on the assumption that the sea rcher actually scans over
each element in the matr ix until he finds the target.

10
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time , the smaller sets shoul d be reserved for use as ch unki ng or organi zati onal

units , and the larger sets for the detailed information to be chunked. But

some codes may be more amena ble to chunk i ng some kin ds of i nformat i on than

others. There is some evidence that color may aid in the retention of informa - —

tion about category size and spatial location , but not i dentity (Wedell and

Al den , 1973).

j Princi pie 6: The Princip le of Redun dancy, Irrelevançy~~nd Cornpu lsive Encod ing .

In a display of colored shape s in which a target is defined as a blue cir-

cle and it is t e  onl y circle and the only occurrence of blue , blue and circle

are comp le te l y redundant. Only one of these is necessary for unequivocal iden-

ti fi cation. If blue also occurred with all other symbol s , it would be totally

non -redundant. If blue occurred with the target circle and with some , but not

all other s’/:’Ibols , it would be partially redundant (partially correlate d with

the tarnet de~~nition ) and pa rtiaFy irrelevant. If a variety of colors were

presen t. but they varied independentl y so that they did not correlate with the

t a r o e t  de ’:n itin n . color wou ’d be totally non -redundant and totall y irrelnvon~ .

j -o- - - .’~~ve r , n on— rn d und ,.r n n j can also occur when a target is de fined by more than one

independen t characteristic. F- or example , if the turret we re a circle and meant

one thin g when it was blue and another when it was red, and if blue and red were

independent of shape , color (and sh~ ’ e )  would be non-redundant • but r’levant.

Irrelevancy of a degree exceeding approximately 50 percent redundancy impede s both

sea rching and i dentification (Christ and Teichner , 1973; Christ , 1975). Irrel-

evancy associated with total non-redundancy also i mpedes performance. The ir-

relevant features act as distractors.

The irrelevance principle , as state d , app l i e s  to t he ca se whe re t he par-

tially irrelevant feature is exactly the same as the target feature . However,

that feature may be Ofl the same dimension , yet not be exactly the same value on

11 
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the dimensi on . The mo re similar it is to the target feature in attensity the

qr~’, e r  t h e  interference to target sea rching. The more similar it is physical—

ly the greater the interference to i denti~ icatio n .

in enera l , t in ’ fewer the irrelevant items in a display the better. Some-

time s , however , for high density , multipurpose displays , the information dis-

played ra y  be appropriate for more than one task. This would be the case if ,

for example , the same display contained both weathe r information and tactical

in ’nr ’nution . In that case , the color , b l ue , could have two diffe rent symbolic

meaninqs and could nrovide irrelevant information in the processing c~ eac h i n-

~or - i a t i rrn set although in each case , it mig ht also be relevant. The ideal so-

lution tor this kind of presentation is to use non-overlapping codes , i.e. . if

color were used for one information set , it should not be used at all for the

other. A second-best solution is to use colors for both , but to select the

colors for m inima l similaHty .

Total target feature redundancy aids performance. A multidimensional tar-

get whose f’- - ’ t’ • .~res do not appea r anywh ere except on that target will be acquired

~‘oct quickl y and i dentified with the least probability of error. On the other

hand i rrr’l~ v a nt  symbols h av i n g no feature s i n comon wit h a target (zero tar-

net feature redundancy) will be processed to some degree anyway. Furthermore .

the prr~ ~csinq ti-- n of irrelevant features (or symbols) will increase with their

~~ri ot y , i.e., the amount of irrelevant information . People are compulsive en-

coder ’ and fol low Principle 3 applied to irrelevant information (Teichner and

‘~ebs , l974b).

0 ri ncip~e7: T in Pr inc le of Process in~ Priority

Certain code sets tal e a processing priority over others . For the process-

ion of multidimensional targets , the ii rhi’ot priority forma t is language . A

word in col or or at hi gh hri r m~ ness or larno size will be read to the exclusion

12
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of t ’ ~ color (bri ghtness, size) so that if the color prov ides eithe r supple-

rontury or - o r r f licting inf nrma ti on , it may be overlooked , or at least , it will

rarel y he processed fir t , nor will the si gnal he processed as an integra l or

wrole unit ( e . q . ,  Shor , 1971).  ~o information is available about other prior-

~~ 

weiqhti ng s . so it is not known whether shapes , letters . and d ig i ts  w i l l  act

i n a ‘ - o’fln r simi lar  to words w ith rospect to color. That they mi ght is sug-

nested 
~~

-
~
‘ the ~~5Ui 1~~ inn that the word priority effect depends in the normal

adul t u -nr c vast overle urn ino . Sar -il n a o~ l’ ”ers and shape s is likely to be

less ovo r~ ea”oe~ and thi: nu °i no of di ii ’ s o roba bly fa i ls  somewhere in 5 ° w ~ ’n

A s su i cin ’ : the namin g of a - n  o~ t~ r s n  u be o -j ” r lea rned compared to color nac inn ,

~‘l Cj  ~-~Ij:J l~ a ll have sor :c- do’;ree • p r io r :  ty  over colo r.

Pri rc
~
pie ~: he °rinc i p le o~ 5:too ral i’ y.

The mul ti c.cn - :enoiona lity of a target nay be resuon de d to as an int eg ” a i

unit or ~ie  features may be processed separately. The dif ference depends Ijoon

a set n~ other principles formulated primarily by Ga rner (1974) and his asso-

c ia ’es whic h cannot be exp l ica ted here , but which should be noted.

5r in c i .p1e 9: The Pr ~~~~~~~~~~~~~~~~~~~~~~~

The greater’ the terirporal difference between two signals in a display, uor-

ti r o s ~,F w hich are chancing ii  time , the greater the probability that their

tempora l order w i ll be discriminated. This refers to disp l ays in which some

s-r’rbols might be replaced by others and there is a need to know which of two

currently present symbol s arrived fi rst. If the t ime d i f f e rence of a r r i v a ’ is

sm a l l , the operator may not be able to discriminate the tempora l order even

though he may sense them as non-simultaneous. We know that the time difference

interacts with intensity iifferenc’.~:, and we hyp~~resize that it also interacts

with other differences among which may be size differences, color diffe rences ,

and shape differences. If the hypothesis is nrr’ct , the greater the

13



di fferences, the greater the probability that the correct temporal order will

be known .

Princjp]e 10 : The Pri nci21e of Pra ct I ce.

With suff icient practice at a task involving a comple x , hi gh speed input

and a complex high speed output demand , the detr imen tal ef fec ts of i r re leva nt

information , and of too hig h an input rate (wi thin limi ts) are overcome . This

is the result of four processes which become more effective with practice:

(a) the operator learn s what to expect and , therefore , how to change criterion

level (or tune out or filter i rrelevant signals) at an earl y stage of process-

ing , (b) f requent l y occurring signals requiring quick action s become responded

to aut ’n - -~t ica l l y ’ , i.e. , they do not have to be put into a short -term storage

and then retr ieved , (c) less frequent si gnal events become encoded into short-

to r i  ‘elo ry inure ef fect ively which is to say they are encoded quickly and for

r:a/im ur re levance  to the req u i re d res ponses , (d) information held in memo ry is

put into a ~Jr1 ori ty estab lished queue and retrieved in accordance with the dy-

nar’:ics o’ the situation . To understand the i mportance of this principle as

well  as the ent i re question of coding , it is necessary to understand that in a

r 1j 5 h speed , complex , dynamic display-response situation , the operator is almost

alwajn working from his memory of the inputs of var ious sources and from ope r-

ations per~or~?d on the stored data. In fact , i f that were not the case , the

proble m of display coding would be relatively simple; the ope rator would respon d

au tomatically to each successive event in real time . This principle interacts

with all other princ iples.

Based upon the above principle s we can concl ude that color coding could

have the following advantages and disadvanta ges:

1. It could be useful as a chunkinq u n i t  to organize information . This is

14
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partly because the number of available diffe rent colors will be small. Howeve r,

it also has the prope rty of being able to code large areas (also true of bri ght-

ness) and , therefore , may be advantageous in dema rcatinq areas of interest as

on maps.

2. Because the number of colors is small , it could be particularly effec-

tive as a means for coding low probability or very important events. This may

j be especially aided by the attensive properties of col or providing the color is

not subject to habituation or partial redundancy. This advantage may be most

use fu l  for  a c q u i r i n g  t a rge t s  in crow ded di sp la ys and for use as war ni n g s ig n a l s

or discrete commands.

3. Color could (or could not ) offe r a unique value for encoding and stor—

inn in~ o rnatj o n in memory .

:~ c d v a n t u~ es

1. Color is not useful as a source of detail for sets greater than six as

it takes  on 4 0w v lues.

2. Colo r nay be es pe c i a l l y interfering when it is irrelevant or partial ly

redunr~ant .  That  i s .  i t  nay be a very effect ive distractor.

3. Color ‘ ; cy  ‘ m t  provide s i~~icie nt diffe rences to avoid interference wi th

t r -’ i ” u c m r , ~ l nr~Pr d isc r i m ina t ion .

In addition to the disadvantages indicated , color as a symbolic event has

senso ry l im i t a t i ons ,  two of which should be mentioned in addition to those in-

p1 led ‘~~r l i e r :

1. It car ;not be used in the visua l periphery .

2. it rr -o uir r ’s larger symbol sizes for symbol identificatio n than black-

and-white symbols. Furt hermore , the size requi rement increases, the more rii f-

ferent colors used and/or the greater the display density (Cahill and Carter ,

1976). Con’ . -; - e r i~ ly it may be no more effective than the size dimension alorn’ .

15
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Review of Previous Peport o

n an e ftn rt to analyze the problem of color coding and to qu anti ’ i th e

- l if f er e nces between color and achromatic code s n’ perfor nianc r’ . the l i terature

- f l  v is ua l  se a ’ - ‘ 1m g perfo rmance and ident i f i ca t ion  was used us a data base

(hriy and Teic hner , 1973; Chr ist ,  l9/ ). ~uie data of each task were classi —

‘‘ed into studies of unidimensional (target definition using only one feature

coding ‘~~) i ’ m ’ l  ‘mult idim ensional coding . s tudies involving partial and con-

pln~e ro d irdanc y, and o~ studies from which the interfering effects of irrele-

vant colors could be assessed. The pe rcentage of gain or 103 s in per b or ianre

using color was compare d within classifications against coding by br ightness ,

s ize , geometri c shapes , other shapes , letters , and dig i ts.  Ihrn~’ ’j rno ra l c: , _

c lusions , to be subsequently qual i f ie r ’ , appeared to cha ra c~r’ r ize °e da t a

available:

1. Fro a t o t a l  of 5~ exper i”~enta1 compar iSons over a wide unor of d~ 
‘ —

fe rent condi t i ons color has provided a generall y c nr ’s l t - ’~ b.~~~I t Ior in sea rch-

ing for a target.

2 . From a total of 132 experi m ’ r’ntal comparisons of i ~‘ r m t i ’ cat ion per-

forinance , thn data suggest that color r ig ht  be bett ’r ‘ or i :rr t ify ing targets

than size or brig htness , but either no ot ter  than , or poorer than , the other

coding sets.

3. The data available are not sufficient to draw an empirica l conclusion

about the possible interfering effects of color in the detection or i denti fica-

tion of targets defined by other coding features.

The first two conclusion s required som e important qualifications:

1. The range of findings , scored as pe rcent difference of color aga inst

another code as a contro l , was very wide . The number of experiments of a given

k ind was also highl y var iable. Thus , it was difficult to determine effects very
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I - c ’ c i fi r a lly. °athe r , it was necessary to ‘feel the weigh t of the evidence.

I 
This was especiall y true of i dentification si nce the fi rst conclus i on was h ig h-

ly consi sten~ -

1 2. Ii essent ial l y all cases the data were based upon subject s who had had

little practice at the task. It is possible that with sufficient practice the

I d m c c rrnces obtained might disappear. If  so, any advantage of color might have

~ to be li rnit ,~d to its use as a training aid rather than a design factor.

3. The data we re generally obtained under condi ti ons of relat i ve low sig-

nal 4 on ut r m t e s  and onl y with simple tasks. It is possible that with greater

input rates a’~d tasks perfo rmed unde r more compl ex task conditions , the diffe r-

enc~~s •‘Eporte’~ r ’ io ht  chan ne.

I 
4 . F r :  n~ the Yu d ies reported were desi gned to provide more than a si r m ~

ple test  of colo r vc rs us nc ’netb ina e lse . As a result the contribution of the

11 e ” r ’n:re t o the develo pm ent of r~eneru l princi ples either of coding or of color

cod in~ is s me l l .  Furth e rm o re , since that is so , the resul ts do not pe rmi~~ a

• decisio n about whet he r color q~ia color is a var iable or whether color falls un-

der the r r r o r 1 rubric of info rmaLion coding pr inciples. Thus, the first con-

clusio n mi ght be predictable fro m genera l princi ples ,  and therefore , code sets

~ber han color might he develo ped wi th  the same advantage .

As a result of these and other question s that could be raised , it appeare d

necessar y to conduc t new experiments whic h , at least taken togethe r, might ob-

viate the qual i f icat ions.  In addition , a number of knowled ge gaps other than

the effects of color were identif ied which suggested a need for specific kinds

~ of data .

The f irst and foremost question was whether color provides a unique quality

for coding displays which makes it di fferen t from othe r code sets. If so , the

foregoing information coding princ ip les would not apply either in part or as a
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whole to color coding. In an attempt to answer this last question as directly

as poss ib le .  the  Principle of Irre levance was applied to a visua l searc h task.

Subjects were required to scan mat ri ces of i nke d sha pes wh i ch var ied systemat i-

cally with respect to kind of shape , si ze, and color (red , green , blue , an d

black). The same searches were carr ied out wi th the matr i ces reproduce d by

Xerox so that only some contrast differences and no color differences remained.

The ori gi n a l l y re d an d blac k symbols  were now i nd i sti ngu i sha b le as were the

original ly green and blue symbols. However , the two pairs could be discriminated

from each other. As a result the black -and-white reproduction contained two

levels of con t rast randomly arranged withi n the matrix. In comparison , the

original matri x contained four colors of which one was black also in a random

a rran gem-re nt.

Two groups o4 suh~ects scanned the matrices in a manne r allowing identifi ca-

t ion  0~ the symbol s actually inspected. The measure to be discussed is the per-

onstage of non-colored , or black , outlined shape s that were to be detected. but

~-,-r~”~’ missed. Thus , the ph ysical stimulus was i dentical for both , but neither

red nor green could be i dentified by the color defectives. That this was actual-

ly the case was de nest rated when the matrices we re to be scan ned for color as a

ta rcet feature. ~lorna~ s ma de few errors of identification ; defective s made a

lam e numbe r nf errors except when blue or bl ack was the target col or. Th i s

does not ~an that the de fect ives could not discriminate between red and green.

Those features we re seen as different grays , or black at diffe rent contrasts.

The c r i t ica l  comparison for our purpose was the percentage of black tar-

‘lets not detected when color was totally irrelevant. The results indicated

that both color normals and color defectives performed equally well when the

colors were actually present, and when the Xerox copy was used. Since the de-

fectives saw three shade s of gr~y (i.e., three bri ghtnesses or three con t rasts)
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I
and one color (blue ) whereas the normals saw four colors , there should have

been a difference in performance between the groups wi th the colored matrices ,

but not with the Xeroxed matrices if color has uni que effects . If color has

any special properties its interfering effects should have resulted in lore-

tarn et omi ssions by the normals with color present. On the other hand , if the

variable invo lv ed was the sheer n umber of i rrelevant stimuli , no differences

between oroups shou l d ha ve been observed si nce there were four such sti mul i

- -.“en colo r ‘.-~ 5 present for bot h groups and two with color absent . It appears ,

trerefr ri , t h a t  i t  was the number of irrelevant stimul i or the amount of irrel-

evant stimulus information that was important and not color as such. Addition-

al support for this conclusion may be adduced from the finding that performance

( wi th the Xerox copy (one bit of irrelevant information ) was better than wi th

the ori ginal copy (two bits) for bot h groups. Since these results could be

predicted fror the Princip le of Irrelevancy without rega rd to color as such ,

they prov i de no Support for viewing color as having unique properties advan-

tageous for target acquisition . When applied to the conclus ion drawn above from

the literature , the finding that color aids visua l searching may be suspected to

be the result of a con fus i on of the i n format i onal p ro per ti es of the co l or co de

set wi th assume d special attensive properties of color. That does not mean that

color could not be used to advanta ge, but that the adva ntage might now be under-

stood and maximized.

There is still a need to study col or as a coding dimension in the light of

coding principles so as to learn how best to use color when it will be used.

Fur thi s reason , and for those given earlier , a series of experiments were run

(Christ and Corso , 1975) using three different kinds of tasks with diffe rent

code sets; letters , digits , familiar geometric sha pes and colore d dots. The

subjects were practiced on the tasks at frequent intervals over a period
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appro achin g one year and , consequently, we re very practiced at all three tasks

and exper ienced with all of the experimen tal conditions.

Th e t u s ks used were the choice reaction t ime (identification ) task , an

ident if i c a t i o n  t u s k  involv ing short-te rm memory, and a search and locate task .

Ea rs  ~ m 1 1  be describ ed br ief ly.

Luun ice reaction task. This is one of the oldest and still most widely used

~asks i ’ psycholo gy . The subject is presented with a signa l which is one of

‘- -or ° t r a n -cnn possible signal that mi ght occur. As fast as he can do so. he

“- ‘sponds o,r m nd i :atin g which one of the possible alternative s is the si gnal.

The most f ’-equn’ ’ lv  used mode of responding is by pressing the appropri ate one

~ a s~’t of button ’ each button being coded uniquely for each signal.

The - ; - ,m ntitative relationshi ns that describe performance on this task are

,.,u~ll-known ~
T n -ichner and Krebs , l974b). In particular , the reaction time (time

f,- ’ - - siu ri •u l in set to response onset) is known to be linearly related to the

of s’g’sil info rmation , i.e., it fol l ows Principle 3. In fact , it has

been t - - ’’ed r - :tcn sive ly with a large variety of signa l sets, including color ,

t less so in comparison s of signal sets within the same group o~ subjects.

~‘~e know that color follows the principle , but it is possi ble that color is pro-

cessed as a si gnal at a different rate than achromatic codes. If so. the slope

of the line relating reaction time to number of equiprobable alternatives would

be different and the limiting number of practically feasible code units might

be more or less than that of achromatic codes. One purpose of this investiga •-

tion was to test that possibil ity .

In considering that test , it is conceivable that the intercept might be

di fferent than that of achromatic codes either in addition to a slope differ-

ence or wi thou t a slope difference . Such an event could not be interpreted

eas ily since intercept differences are based at least partly on the part icular
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sampling of the units of the code set. That is , if the dis cr iminabi l i y of

the color values selected for the set was greater or less than that of the

achromatic code units used , the intercepts of the information function s m i n i ? .

be d i f f e rent .  Such diffe rences reflect a lack of experimental control for our

purposes . A lack of inte rcept differences does not imply no error in the

perimental compa rison , but it doe s imply that whateve r factors we re uncon-

I trolled . they were not important to the reaction time measure . The p r t  loin is

not  trivial because the size of the dots we used for the color code -,~is less

I than the size of the letters , digits , and shapes (which we re a l l  e nuu l  ) and

~ the re we~’ sma ll di fferences in the bri ghtness of the chromatic and a hr m rmia ’ ic

cod e-s. I~ t ’~~se 
f a c t o rs  had ef fects on the react ion t ine s , t h l i r  ‘~~‘r’ ‘ S wn - i d

be on the interceot o~ the funct Ton , but not the slope. The slope provide s an

~~~~~~~~ nated -~ asure of the process going on regardless of ef f ec t s  ~h~ch ‘ m y

a~~ect the absol ute level  of the curve .

~ Th~ choice reaction time task was set up as part of a more complex console

to be describ r’d later. Ei ght subjects , hig hly practiced as already noted. re-

( spender ’ w i t i butt on - pro- sos to t h e  appearance of a signal known in advance to

‘ ° f ‘~o’-’ a pa rt i c u l a r  code set. Over a var iety of expe ri mental sessions appro-

p ’i el-i lrr , r mnd to contro l for’ orde r effects , the set size was either three

~ possible si r inu l s or six possible si r inals. All of those signals arrived at a

sinnl e position so that there was no unce rtainty about where the siqnal would

be, only what it would be. However , since position uncertaint y is a very im-

portant conside ration in the design of disp lays, an additi onal exper i mental ar-
V

rari oem ’en t  wa s included which permitted a comparison of the effects of fi xed

versus random positioning of the signal on the display.

Figure 1 presents the results showing reaction time re la ted to the numbe r

of altern atives in the code set for the position-certain and the position-
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I
uncertain signals. The former is based upon 384 trials per subject per point ;

the latter is based upon 336 trials per point per subject or 3072 and 2688

measurements per point - The fiqure does not suggest slope diffe rences among

the codes ~or either position -certain or for position-uncertain signals. The

ef fec t  of amount of information shown in the t igure is the expected increase

$ in r eac tion tine with an increase in the number of si gnal a l ternat ives.  Since

‘ 
slope di f fere nces do not appea r , it may be concluded that the information func-

t ion is the same for al l codes. For the posit ion —certain task ,  color is at an

inte rcent  i rv ’l t ha t  is about medi um ’ m in the range . The best performance is

assoc i a ted  w i t h  di g i ts and th s is consistent w i th  previous studies (Teichner

and dr ebo . 1974b). It a ppear s ,  then . that the diffe rences in the size and

hr iqh m ness o~ the color dots did not affect the color information funct ion .

Pin ~
t s ~lso provided the host pe rformance wi th  posit ion-uncertainty, and

in th is case.  i t  ‘may be sn’ n that tee color code was c lear l y and consistent l y

associa t ed with the pooce~t pe rformance . It appears , then , that if color has

charu ct ristics which differ en t i a te it from achromatic codes one of them is re-

lated to the effect of position -uncerta inty.

~earch and locc~e task . Thi s part i cular task was more complex than the

ordin , ’, v isual searc h task in that the subjects were required not only to find

the pre esi gnated target on a display , but also to report its location . As we

did it , the target was one of the six possible elements of a given code set.

There- w a -  always only one target on the disp lay and for each sequence of trials.

t r ue  total density of the display was either four or twelve symbols. Over any

cl-Thence ~f trials the target’ s position appeare d an equa l n umbe r of times in

each of 16 possible display positions. The subject responded as soon as possi-

ble by pressing one of four button s as a means of indicating in which of the

four quadrants of the disp lay the target was located.
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Again we note that differences in slope , this time of the density function ,

can be used to infer something about diffe rences in the underlying process or

p rocesse s. The greater the slope of the line relating response time to display

density , the more rapidly the ability to perform the task will reach a limiting

density.

The resul ts are shown i n Fig ure 2 whic h shows a smalle r slo pe for colo r

than for the achromatic codes. Shape coding had the second smallest slope . Thus ,

at least for this set o~ colors , it can be expected that the limiting density is

greater ~or colors than for the achromatic codes. In different terms color should

he rei ativ e i -, advantageo us for designating items or targets to be found in hi gh

~nsity d~splays. That result is in agreement with our previous discussion of the

lite r atu re . The ef c ect may refl ect a greater col or attensity , or since letters

and digits and geometric shapes are bas i ca l l y  al l  shapes t m -e~’ may have been more

confus able within their sets than the colors were.

id e r t i f ~cation - r-’e -ior y task. Alt h ouri h the choice reaction task is one of

i’Ienti~~c ;t ion , rIo ‘ li- -cry is involved because the stimulus remains present un t il

the suh je~~ responds. In the ident i f icat ion — mm e ’ mory task the display was ava i lab le

‘or a u n ited time , a t i e  so short that the dis play was no longer ava i lab le  when

t h e subject init iated his response. In addition , the display contained either

‘our eu - einh~ code elements displayed for 400 and 800 ms* respectively , all of

-/ l ’ m ich had to be ident i ’ ied so that display density was a lso  a var ob le.

The arrangement was such that i f  for some reason the subject did attempt to

initiate his response before the end of the time lim it , the display was automat-

ically terminated. Such attempts were infrequent , however , since on the ave rage

onl y one such attempt occurre d out of every 50 trials.

Absolute accuracy was greater for the Density 8 displays than for the

/

* m i ll i seconds
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: ‘ t m us i  t i  -~ d i sp lays  beine on the ave rane 6 .1  so r re r  t responses compared to 3.5.

‘mi a rel i ti ye basis ,  of m o m i r ’ ; e  . perf o r im im ice was better wi th the Density 4 dis —

pl~ i’ . - ‘ t fle rm s it y ~ th e re a m s  no di te me mi c e in accur acy between the diffe rent

codes , ~-n at  ~he highe r dens~~ / s~~ - mntl y qro i ’nr accuracy vim s obtained with

di gi ts  than i.- i th  the other three codes whic ’ i wore equally accurate.

The results indicated that the respo nse t i me to let ters was lon ge r than

di gits , shapes and colors.  The oth er three did not di f fe r sign i f ica nt ly

‘ 0’1 P- l c h t h or .  Thus , the resul ts su og est no pa r t icu la r  advantage or disad-

V m t  ~qe i~ eel or whe n se ve r- i l  ta , ’ t s r u s t  be ident i f ied  w ith a very l imited

v m O-~ 
- no t it -me and wi th a ‘em ’ ry req ui ‘- n m - p r

m u r m m ’a ry  of p r e vi o us l y r2po rtm ’d w or k . The exper i im ~ nts reported so far sug-

gest t h e ~ n 1c’~,H nq c o nc l us ions :

1. The inte r’er~t-rm e’’ectc ~-f i m -relevant color symbols acting upon achro—

- a ic sy m bols in t~ e same display ar° not related to the fact that they are

color , but r - ”e r to t oe fact t h ey they are i rrelevant stimuli. Color , like

other codes . ~o1 l ows tt -€ °rincip le o~ I rrelevancy . Presumably. the converse is

also true , that is. any a;parent positive effect observe d with a color code is

due not to ar/thing peculia r to color , but to the fact that the elemen~s pro-

vide a code .

2. ~n a dense display , a colored tarnet may be acquired more quickly than

an achromatic target of the sort studied. The attensit ’i if any code can , how-

ever , be man ra ulated so as to provide the advanta ge to any a broma tic code as

c, m’:ma red to color. Therefore , aaain it does not seem t m be color qua color

that provides an advantage .

Mul ti~ 1 e Ta sk E xpe ri r ents

Th~ above conclusions s til t need to be qualified by the fact that t hey



apply only to simple d iscrete tasks perfo rmed in iso lation . A more rea l is t ic

laboratory representation of most operational situations , e.g.. piloting,

would be one in which a number u~ tasks must be performed of which a given sim-

pie task is but one. The logic of the new experiments to be reported approach-

es that representation in two ways. In one , the simple discrete tasks are p re-

sented in ran dom order. Since there were no contingencies amon g the tasks , the

only meaning the tasks could have for the subjects was whatever they had when

pre sentem~ in isolation . This is called the combined task situation . Anothe r

way to approach a more rea listic al representation of an ope rational situation

is to -d iv e the simple tasks meanin g within the context of a total task activ ity.

i .e., to integrate the m into a more complex set of act ivities. This is the

i n t e - o rat e d  task situation . Th e nuestior was whe~ber within these more complex

r-eeration s col or coding m i o h t reveal effects not seen in the isolated tasks.

Two combined task experiments were rin in which the subject had only to

respon d to the simple d screte tasks as they were dem na nct e~ . A third , inte~rated

task exper i ment required the subject to mon i~ or and e’~ect changes in the

parameters of aircra ft presented in a ori t~ nuous ai” traf fic control oroblet--

and, in  addition , to resp nd as rec uested to th e sam -re simp le tasks as suhtasks

of the total problem. Thus , the overall inv ’~sti om tive effort provided an oppor-

tunity to com pare the same simple t asks in isolati on (cf. , hri st and Corso.

1975), when they were combined non—cont ingently ove r a series of disc rete trials,

and when they we re combined in an integrated manner in the context of a complex

ontinuous task. As used , the integ~ ~ted task also allow ed an evaluation of

color as a m ulti -dimensional feature.

In the isolated task experiments and in the two comb i ned task experiments

the displays contained elements from one of the four coding sets previously

described (letters , digits , familiar geometric shapes, or colo red dots) or from
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one of the six dual-code sets (e.g., le t ters and di gits , or di gits and colored

dots). However, because the colored dots were smaller than the achromatic

codes , color was completely confounded with size when the colored dots were

used simultaneousl y with other codes. The data do not suggest that this pro-

duced effects that would have been diffe rent if equa l sizes had been used , but

in orde r to avoid a possible major qualification of our conclusion s about color ,

we shall present only the single code display data in Part I. Part II presents

all of the data obtained includin g t b  I du al code display data. We note tha t

the dual code data would not have changed our major conc lusions had we used

toe,- -

In all of the experiments the displays appropriate for each of the single

tas~s we re located in different position s around the periphery of the display

console. A centra l display consisted of a 16-cell matrix onto which four to

twelve coded elements were projected. The matrix display was present 500 ms ~e— ~~
fore the sin gle task display , and both remained on together for a maximum of -

1500 ms. It - the combined task situati on the subjects were required to monitor

all of the disp lays. 
-

In the inteorated task situation the matri x display was presented contin-

uousl y, and the code d elements in that display could be repositioned in discrete

StetiS to represent the m ovement of an aircra ft from one location to another ad-

~acent location . In this situation the single task displays were presented at

random interval s and rem ained on for a naximun u of 3000 ms or until the subject

‘made an appropriate response.

Experiment 1: combined Task. I

In th is experiment the requirement to respond to each of the three differ-

ent tasks (choice reaction , search and locate , and i dentifi cation-memory ) occurred

on randomly selected di screte trials. There were 30 trials in a sequence of
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‘ 1
l m ch t m  x r r - 4 mu~ e am h t a s k .  T h em wn rr a total o~ fm f t u o ’ r m  30— tr i al - m m  i m - r ’ ’ n s

: e u ~ exper i r-ru tal soss i i m u m and su vr~- sessi on s . Disca rd ing t SI ’ f i r  Y sn~~ iOn 0

pr~i m ti m e , and i sc a rd im im i the ten 30~t rm a l  sequ eru r es w1~ nio ‘ ‘ a t ’  sess im!-

we re used for r l ua l_ co~ displays (c ’ - .  P-u r -t I I ) , * he e~ r nn i ’ie m u t r - Ii m ~ - t  o~~- r

o r r m m ’ m m ’ m t m l t r i a l s  per subm e ’~ The subjects worm ’ those use d i rm ‘uu I re-

4 viously re , mor ~ed isolated task experiments , a n t , th ere f ore , we re m o rou lb i /

fam iliar with the  ta sks and odes. ~~~ had - n l y ~ l i - arm *he requir e m *r -
- I

t o  combined task situation .

Inoice redction task. ~~ rosu 1 ts ~or t~ 
- s t a s k jorti c m that  : vm-r , i l 1

there was a la rm e increase in reaction t i t - es compared to h ’  same as~ in i so-

lation even though accuracy remained very hi ri b . There wer no d ’f4 mrc r~ u s  )i

tween t’ie codes that were statistically si gnificant . Thus . a ll codes had tee

same slope and intercept ~or the information funct i on.

Search and locate task. As be fore , search and locate t i- m e was longe r in

the larger density condition , but there were no diffe rences among codes . Thi s

indicates that the slope and intercept of ~he densi~ v function s were the same.

Neither density nor cede ba d an effect on accuracy .

Identi fication~ l memoo ry task. While subjects were more accurate with the

lower density displays , there were no si gnificant difference s in accuracy among

code sets. The mean time to report each of the code items was affected by den-

sity and code . Subjects reported items from the higher density displays faster

than items from the low density displays . At Density 4, the mean res pon se t i me

for digi ts was ‘ ms ter than for any of the other three codes. At Density 8 the

fou r codes were orde red from slow to fast as letter , di git, shape , and color ;

the only statistically sign ificant differe n ce was between letters and colors .

T hus , color was associated with the best performance at the high density display

m o ridi t inn , but nm ~t at the low one.
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These results indicate that for the more complex condition s of this ex-

perime nt , the di fferences between the codes decreased for the choice reaction

and the search aur d locate tasks compared to those tasks in isolation. On the

- ‘ t 1 m r - r  h um i d. f o r  the identification-memory task , color became advantageous at

.- - t - i u m e r density. lhe data suggest tha t the re may be a gain in having used

c ol - r iii tm ne hi gh density displays , but that the gain deoended upon the nature

t f l m -  3 ask

[- . : ) e r , ’ - o r t  2: ( ‘u bined T ask  II

S C m o - - i m e n t  the nu m- m b r of tas k s was increased to four (a same-

~i 1 f , , r n * r w - ~m~ri son L a s k  was added to the three tasks used in Experiment 1)

m d  ~~~ I’ - - -m~~j~~i- m t i o r m _ m e - o r y  t as~ was modi fied so that both ful~ and part ial

renu- r :uu id hr r ,  ; u i m o I . g o t m m of these changes were added in the hope of in-

r Is ing the o v e r - i l  i n - - m t - -tress to a point at which systematic code diffe r-

ences r-- i~ ao appear . The four ta s k s were presented in random orde r over 48-tri al

seq uen ce s , each tas~ oc - -r i d 12 times mer sequence . There we re a total of s ix

e’oeri :mm cn t a l sessions with 14 set-uences per session . T h us , after discarding 7

seuuences per session t ea 4 were used ~or dual-code displ ays (cf . , Pa rt Ii - ),

there were ove r 7? e x p e r i m - m e m m t ’ l  t r ia ls  per task per subject.

A new set of subjects wa s re cruite -t am i d given extensive training before

they were run in Experiment 2. The t raining consisted of pract ice with each

s ’mple task in iso lat io n and wi th  the Combined Task I situation .

Cho ice react ion t a s k . Accuracy was ve ry hi gh on the choice react ion task

tr ial . There were no ef fects of density or code on accuracy or on response

t i me.

Searc h and locate tas k. Searc h an d locate t i m e  was lon ger in the l a r ger

density condition . There was no sign ificant code effect . Accuracy in this task

was higher for the less dense display, but the effects of code were neglig ible.
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I
identufication -memory_ task. Subjects were more accurate with the less

dense displays , and wi th digits relative to all othe r codes. An interacti on

was found between code and density for the mean response time data. There were

no diffe rences aimiong code s at Density 8 , but response time to color targets was

significantly longer than to any other target code at Density 4.

4 Con~pari son task. An effe ct of code was found for both the accuracy and

response time data. The colors were responded to less accurately and less

rapidl y than ‘ny o f the achromatic codes.

The results of Experimen t 2 indicate that the additional input and informa-

t i on prm-’ cessing demands did not lead to any new di fferences between codes.

: m r e re ~‘ - “-e -yore differences , co l or was assoc i ate d with the poorest performance.

its in the compa rison task  an d ~n the low density ident i f icat ion -memory task.

The l m ~ ter is not cons i stent w ith the resu l t s  of Experiment 1 whe re colo r was

Thund to be advantageous at the higher dens ity with the identification-memory

task. Th is inconsistency may reflect practice differences between the subject

‘rom jp c,

- - -~~ 3: 1 t e 5Y - O ted Task

In tr is experi m ent the subject was required to assume the role of an air

~raffic ~ont r j l Th r . He had to monitor aircraft symbols continuousl y and ‘make

reouire d r t -a- - r i es  in ce rta in  f l ight parameters of different airc raft . The

fli ght parameter s under the direct contro l of the subject were altitude , speed.

and headi ng . Detailed quantitative info rmation concerning an aircraft ’ s alti-

t ude , speed , and heading could be requested by the subject; this information

was pr es r r m tr d in d ç i t a l  fornm in three periphera l displays. Change in any of

these three parameters cou u d be made through a numeric keyboard. Concurrent

with the air tra ’fic control problem , the subject had to respond , when s i gnalled ,

to the some four single tasks of Experiment 2. There was no i ntent ion of
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pr ov i di ‘m q ar m y d Irer of ‘i de’ i ty of si um m iu l ~ t i o mm m m I a known a i r traffi c con t rol

t a s k , but r m ~~her ~o pu -o vide a situation which the subject could accept as a

ue m ni n g ful i r m + e rmr a t n d ~~~ within which the simple tasks had a role.

The major cod in g variable used in Experiment 3 was a lett er-di git combin-

tin e; ‘ ruch airc raft used in the air t ra f f ic  control problem was defined by a

unique l e t t e r -d ig it combination . The simple discre te tasks required the sub-

~~ to identi f y, to remembe r, to compa re , or to search and locate these letter-

di g it air cra ft labe ls. Once the subject had learmed to perform the air traffic

control em ble m , w i~~n considerable proficiency , two other coding variables were

i nt ’-oduc nd to rnpresent two different classes of information . First , tbe ap-

r r ~~p~~~~~~
#
~~ al t i t ude of each controllable airc ra ft was dichotomized and either

sou pe-coded or color-coded. Secondly, both the approximate altitude and the

approximate sne’-d of each controllable airc raft were encoded; shape was used to

encode a l t i t u c u ’  and color was used to encode sp€ ed or vice versa. The altitude

and speed in~ or m1ut io n was p resen ted i n a square an d/or c i rcle wh i ch surrounde d

the lnt t er-d p it l a bel ~or each controllable aircra ft. If only shape coding

we re used , the square and circle were white in color; if only color coding were

‘iced, one of tee shape s wa s colored red or green.

The qjestion in Ex ’me riment 3 was whether or not the shape and/or color cod-

in g of two ma ior air craft fli gh t pa ram eters would (a) aid the subject in his

itt n m - m t  to m onitor and control the aircra ft and (b) aid the subject in his at-

tem pt to respond to the discrete tasks. The latter issue was based on the argu—

r’mer m~ th at shape and/or color coding would reduce the stress inherent in the air

traffic control pro b le im u and consequently increase the subject ’ s ability to mm-

sponr’ to t hu d iscre te  tasks .  The results of Experiment 3 can be summed up

simpl y : with practice on the task to the point where the subjects were ope rating

ti me air  t raf f ic  c m ) rmtrol task p ro f i c i en t l y ,  there were no differences in
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p emfommmu mu ce on the a i r  t ra f f ic  om i t ro l task , or on the simple discrete task

that could be re lated to a dif fe rence between the ef fects of shape and color

cod ing .

There was evidence that the multi-dimensional coding employed in Experi-

iE’mit 3 did a f t ert performance. Response time in the search and locate task and

in the comparison task decreased when shape or color was added to the centra l

display to represent the approximate altitude of controllable airc raft. There

m~e ’-e rio e’’1ects of shape and/or color coding on reaction t i me in the choice

reaction ta~- - , and response times were non-systematic in the i den ification-

‘ memory tack. hbaee and/or color coding re duced the accuracy of responses in

the iden ti -1ication -memo ry task , but bad no effect on the choice react i on ,

sea rch and locate , and comparison tasks. Hence , the use of shape and/or color

in a multidimensional coding format did have an effect on discrete task per-

fo p -’ any , but the di rection and magnitude of that effect was a function of the

task required and the dependent measure emp loyed.

Discussion and Conclusion s

T~~ç~ - ‘“u - c s of tni-s investi gation appear to be very clear in indicatinq

ti m m t  color as a code affects performance in a manner no different from’- - u ’ mv of

the a ch ror -m a ic codes used , and l ike those codes i t  is cons istent wi th he ten

principles presented earlier . Sometime s color did appear to be associate d with

tru e best perfo rmance , but sometimes it was associated with the worst per fmm r-

mance . It was most consisten t ’y associated with best performance under condi-

t i o r m - requi rin g s’~a rch for a target in a crowded displa y. That p r u’s u m -:,rt m l y, re-

flects the attensit .y of color as used in these experiments. However , the color

symbol s could have been made more or less attense by inanipulat ion of bri ghtness

a n d  s i z e  m m m d  a change of the numbe r of colors employed. That it is possible to

do that mi ni-’ not u~~~~’ u  t h u t  color provides a unique qual ity for cod ing
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display s. The same can be done with any code set . T he onl y more or less

unique property of color is its amenability to areal coding as in maps. Even

here the same can be don e wit h bri ghtness and flicke r or simply by bordering

an area with heavy lines .

When then should color be used in coding displays? The most effective

application s would seem to be:

1. In designating a specifi c target in a crowded disp lay .

2. In demarcating an area of a display .

3. For wa rning signals or commands which have a limited number of possi-

ble alternatIves . 
‘ 

- 

-

4. For classi f ying or orouping data where the numbe r of classification s

are small.

In a l l fos- - cases the use of color should be made carefully with attention

to the pr~n c i:m le s of coding described earlier. Furthermore , it should not be

understood t e a t  color is uniquely better for any of those four application s than

other codes because any code set can be used in the same way with the exception

of areal coding.
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PART I I

This secti on of the report descri bes the detai ls of the three new experi-

‘ - em its which were summa rized in Part I. The purpose of these experiments was to

omop a re the ef fects of coding var iables on performance at the same relatively

simple tasks when those tasks were combined in a noncontingent manner over a

series of discrete trials and when they were combined in an integrated manner

in the context of a complex continu ous task.

EXPERIMENT 1 : COMBINED TASK I

This e x m u ’ m i r im en t  was desi gned to invest igate the re lat ive effect s of color

cod ing in a m ultiple display -multiple task Situation . Subjects were required

to ‘---onitor a display console and to resoond as requested to one of three dif-

~eront a sks :  cho i ce rea cti on , searc h and l ocate , and i dermtificat ion-me mory .

The rormi est s to respon d to e3cb of the different tasks occurred on randomly

se lec~ e-d trials. Tbe sti’ ili used in the displays were selected from a single

code ( 1 - ’ ” ‘~m- ,, di rui~ s , shapes , colors ) or were selected from one of the six

oui r ,-i is u ’ combin at i ns of those four codes sets (e.n. , letters and digits , or

s h apes - m t  colo me - dots) .

Th e suh i - e t s  used in the previously-reported s ing le -task experim mmen ts

(c ’ ., c k r i- ,t and Corso , 1975) were also used in Experiment 1 . Consequ ently, the

sut iects were hi nh ly practiced in each of the tasks and were very familiar with

ea ih type of sti rm m ’ j l u s confi guration . In addition it was possible to compare

perfor mmra nce directly in the single task and in the m u ltip le task context while

task and stimulus condition s were held constant.

Method

Apparatus

.

~~ 

The apparatus used for Experiment 1 consisted of a multiple display-
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multip le task system desi gned specifically for this researc h program. Since

this system has been described in detail in an earlier report (Christ , Stevens ,

and Stevens , 1974; Christ and Corso , 1975), only a brief description will be

gi ven here.

The overall configuration of the displays and control s is illustrated in

~iuure 3 which show s a phot ographic view of the apparatus from over the left

shoulder of a subject. Figure 4 shows a more detailed photograph of the dis-

play and control consoles.

I)ispi~ys. The displays for Experi m ’ieri t 1 were constructed using lEE Series

00100 sing le plane rear—project ion readouts . Each lEE unit consisted of 12

projection lamps and 12 film messages. When one of the lamps was lighted it

illuminated the corresponding film message , focuse d it throug h a lens system.

n d  back -projected it to a non-glare viewing screen.

Figure 5 illustrates the types of films used with these display units.

Films C through H were desi gned so that any one of four target codes (letters ,

di gits, familiar geometric shapes , an d colore d dots) or any one of the six two-

way combinations of these four codes could be used in a gi ven experimental ses-

sin ’ . The colored dots were produced by placing Roscole ne co l or filters in

‘ront of the solid circles shown on Films F , G, an d H. The type style of the

single letters and single digits used in Films C through H was Alternate Gothic

~2 . The projected height of the single letters and digits was 0.94 inch

(2.39 cm) and the projected diameter of the dots was 0.50 inch (1.27 cm). Film

I was used only in the identif ication -memory task and then only the message

“F (’LL ’ , was used. The type style of the wor ds shown i n F i lm I was a l so Al ter-

nate Gothi c ~3, but the projected height of these lptters was only 0.185 inch

(0.47 cm) . On ly one message per readout was i l luminated at any given t ime and

all mmuess aqes were projected to the center of the viewing screen for that readout.
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The six color filters used to produce the color coding di m ension gave

color s desim im mated as purple , blue , green , yellow , orange , and red. The manu-

fac turer ’ s mumobe rs for these filters were 843, 850, 871 , 806, 817, and 1221 , re-

s : -  ~iv e lv . The total transmission of these filters , as a per cent of an incan-

descent li ab t source , is 18 , 30, 31 , 88, 56, and 16 , respectively. These

t ransmission measuremen t s were provided by the manufacture r and based on 

urts ~- m~en with a Genera l Electric photometer. The average brightness

o~ the u ’ph anu --e r c ‘messages in an 155 readout , using standard lamp No. 1820,

~- ias t- ,0 ‘‘lot- l O i - t C r ~ s (27 .-a cd/ m ’ .\ at a mated voltage of 18 volts. This value

,-.s d i ’ m i i c d  using c- or-- ve rs io n  table s provided by Industrial Electro nic Engineers ,

Hc. ~orrhiri n : the trans i-mi ssion characteristics n~ the color f i l ters and the

r r ~~ed hmioh t r ress o~ the nor -ma l whi te messages , it nay be seen that the ave rage

r- ebt n e ss computed ove r the s ix  colors was not equal to the average bri ghtness

of - ‘ c  acb ry - - m ’ ic  st imul i. Speci f ica l l y ,  the average bri ghtness of the color

syribo~s v s  3 1 9  ~oot-lamberts (10.9 cd/m 2) at a rated voltage of 18 volts. No

ast r - -- nt ~-j~ms ‘made t~~ rou3 te the hriri htness es of the s ix  diffe rent colors ;  neutra l

d c r si~~v ~il t ’ ’-~ were not availab le when the research was initiated and there

were n~~- ta ci l i t es ~~m r d i r ec t ly  and accurately meas uring the actua l brightness

obta ined . Furthermore , data previously reported by Christ and Corso ( 19 75)

showed t h at  wariatio ri s in brightness in the range under conside ration do not

fIrst the relat ive -~ ffect iveness of color coding.

The display console used for Experiment 1 was desi gned to hold one large

multiple stimulus display and three smaller single stimu lus displays. The large

mult iple stimulus display is shown in Figure 4 in the center of the dis play con-

sole. Thi s d isplay consisted of 16 lEE single plane readouts arranged in a

four x four mat rix. This matri x display was mounted beh ind a common viewing

*
can dela per squa re meter
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~~m eem -Thu r all six of he smaller periphera l displays shown in Fi gure ~

oem - ’ vi sihi t o t m  subjects in this series of experiments , only those thre e at

the ot t ers  of the disp la y  console were used and then , no more than one at a

t i n e . Ti me small d is p lu ~ l i be led Th KN - 4 LEDGE was used to request or signal a

choic e m eam ’i- ~ ~~u - , t ° - - displa , labeled LOCATE was used to request a search

a rid l~~cat’. - - m s ~ and ‘ ‘ - d i sp la y  labe led  DL N T I FY was used to signal an identi-

- i ti O ’ m- ” rem ’ me Y j  task.

-~m tb  the my~~ep t i~~r m ~ the I - ~~lFY d i sp l ay ,  the same fi lm was used in al l

ci the lEE rm~adn t s used in ~xper mnemmt 1. The design o~ the films made it pos-

s i b le  for a]’ projectr ’ l messages ~ - -e ona ed ident ically (single—code dis pla y )

or - ~or the message s to be c ;oo”d 5 v ~ l m ’  coding variables (dual-coe ’c- displ ay).

Fig-ire 6 press~ t j  examples of t n ’ - se we t vnes of d isplay coodi t i  o r s  as they
/ ~

app lied tn the - - t r ix  d i s p lay .  It - may be 5 een that the d is p lays labeled 8 and

D in ri p - o re 6 are sin e m e_ code shape and single-code letter displays, respective-

ly - The di splays labeled A and C in Figure 6 are oual -code di git-shape and

dual-code litt e r-co lor dis olay s , re sen cti-,-el y. The ~~ssages in ~n5 h display

were i 0 , t ed and shown aga inst a da rk gray back ground . Color f i l t e r s  we re used

i ’ m COr ’-om m Ct n’ ,ii tr  the dots shown in t~e display labeled C in the fi g-ore.

- o rmtr ols . The m ontrol om ’snle shown in Fl nure s 3 ard 4 consisted of four

cl i ’ t e r ’ , of Hot ton s .  5a c h  c l u s t e r - of buttons was desi m n u d to receive a subject ’ s

responses for a d i f f ’ rent task .  The s i x  1H units and assoc ia ted  buttons in the

J : I m er right corner of the contro l console shown in Figure 4 were used to identi-

‘ i tar gets in thu choice rea ct ion task and i dentification—memory task . A

- t ,m n du r ’ t arrangemen t mm f buttons was used for each of the f our types of stimulus

modes. In ci p lc-code displays the st- -nda rd arrangement for letters was from m

l ef t  to ri g ht , top to bottom row , C, H , K , ‘2 , P , S; the arrangement for di g i t s

was 2 , 3, 4 , 5, 6 , 7; the a r m u r m ee i - m i t  t o m r f , , , i i l ia r  ge ometric shapes was c i rc le ,
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A. DENSITY 4 B. DENS ITY 4
DUAL CODE S INGLE CODE
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C. DENSITY 8 D. DENS ITY ~2
DUAL CODE SINGLE CODE

F i m u u e  1 : 1 ‘ un ip in s mm i the types of m r m a t  m u  ~ displ a y - used in L ’ ; ’ r i m - m em mt s I an d

2. The s n m m a l l  circle 1 m m C- u - m ’ I m r u ’ ’ , u mm ~~’ the 1 m m  m r ion of colored dots in tO,

di s p lay .
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squ u u- e . mm r m r t l r  , d ia mond , c ross ,  s ta r ;  for colore d dots it was purple , blue,

ru -eo n , y e l l ’ ’,, orange , red. These pam f icular values within each code aru d ‘~ m(-

sc’quen ir mg o4 values ove r the six response units were chosen in an dt’ er pt to

app ’-o x ima~ e ri t ual si to m u l  us - mespom n se counpat i bi 1 i ty across codes. In the d u m  1 —

code c ho ice  mm -a ct ion task and identi f ication -memory task the f i rs t  tb - -~’e va lues

of m ure tan ’get code were combined w i t h  the second three value s of a m m ot hr r ta’cet

code . F nr  e x u ’ ’ p l e , ~n ‘he letter-di git dual—code condit ion the arrano r~T rerm f of

response units was e i ther  2 , 3, -1 , ‘2 , P , S or C , H , ~~, 5 , 6, 7.

T 1 me search and ‘ocate response units consist of four ‘or m entary CO’~’IaOt

buttons ar r - a - ned in a two x two ma trix. Th is response unit may be seen in the

l ower left r n -nCr of the control console shown in Figure 4. The subject used

tHis resoonse unit to specify the location (quadrant) of a target in the m at ’ix

displa y .

The on ly  other response button used in Experiment 1 was the l owest button

-~f the ci t o~ four buttons shown centered in the control console in Fi gure 4.

Thi s butto n was used to terminate the trial in the identification—memory task.

The fl u-- er ic ke- yi-c-ard shown in Figure 4 and the three button s in the row immnmn e d -

iately below the keyboard were removed from-i the control console nd that entire

area was overed by an alum ini num panel. The six button s in the uppe r loft of the

control —m m-s ole -,vu’re exposed to the subject but they were neve r used.

P r o r u r u  TO ri~

The entire system chow rn in Figures 3 and 4 was interfaced with a PDP8/e

mini c ’ m - m pm l t er .  ftu so 1twa re deve loped for this counputer control led all p m - ; , q u - , u m m —

ma Ple ‘ ‘- ‘suences of disp lay events. The expe rim ent u 1 rograurl ari d up to 100

s t in’ m i l us ‘Pm l -r ~ - es ~ f 3’- t rials each were writte n onto one au ’ i 1 i a r v  - i , r r o ’ t  Ic

tape (Pm- m t u t m i - ) and the r u -c u l t s  were stored on a second tap e .
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Su b j e c t s

The eight male cubjects used in Exper iment 1 were those who had pa rtici-

pated i ’ m the  pre viously reported sing le-task experiments (cf. , Experiments 1

3-10 , hr i st  and Corso , 1975). The subjects were paid a fixed sum per experi-

m ental session for their parti cipation and were also given a monetary incen-

tive based upon their peoformance. All subjects were between the ages of 19

and 24, and they were al l ri ght-handed. In addition , subjects all had a vi sua l

acuit y of -i t least 20/15 in each eye as measured with the Snellen chart and nor-

ma l color vision i n  eac h eye as determi ned by the American Optical H-R-R

Pseudo isochro rnatic Plates.

The ei ght subjects were assigned to one of two groups primaril y on the

-iSIS ~ schedu lino convenience . In o~nera l , subjects in Group A ran in ses—

sio rm s sched uled on Mon day throug h Thursday . Subjects in Group B ran in ses-

sion s scheduled for W edn e sday through Saturday . This  schedul ing was used to

enabl ’- optimal us~ of th e fm ci l iti a s and experimenter ’ s time , and to allow at

least a mi n imum degree of counterbalancing of conditi ons over successive

sessions.

Procedure

Each trial of Experi ’ent 1 began with the on set of the matrix display fol-

l owed after 500 ms by the onset of one of the three small task request disp lays.

Over a series of thirty trials , the matrix contained four stimuli on 15 trials

and ei ght or twe l ve sti m uli on the other 15 trials. The sing le task re quest

display used on a given trial presented onl y one stimulus. On choice reaction

trials the A CV ’2OW L EDGE display presented a target stimulus which the subject had

to identify as rapidly as possible. On these choice reaction trials the matrix

presented either four or ei ciht stimuli , or four or twe l ve s t imul i , depending

upon the particular sequence of 30 trials. In all cases , the stimuli presented
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f in the m a t r i x  were independent of the t Urget  shown in the ACKN OWLEDGE d isp l ay

and to ’-’ e matri x stimuli were i rrelevant to the iden tifying response which was

requeste d.

Pm search and locate trials the LOCA lE displ ay presented a target -stimulus

which was also contained in the matrix display. On these trials the matri x con-

‘a i ned either four or twelve st imul i .  The subject was instructed to l ocate the

target s t i - u l us  in the matrix and to identify its l ocation by quadrant as rapid-

ly as possible. Identification —me nuory trials were initi ated by the presen tati on

o~ the mm res sac e “FULL” in the IDEN TIFY display . This message served as a signal

for the subject to report as many stimuli from the matr ix as he could. The

matri x a lw a y s  contained either four or ei ght stimuli on identificati ua-uiiemory

trials.

The - - a t m i x  d i sp lay  and task request display remained on togethe r for 1500

mr’s ‘cm unti l  the suh i t rn- dc a response , w hichever occurre d fi rs t . If the tr ial

we re a cho i c e reacti on - tr ial or search and locate trial the subject had a maxi-

our” of 1500 n’s o - t b in  W O C H to resoend after the tar -c t was oresented in the

tas -  r ’- :uest display. If no response we re made during th is interval , the t r - ia l

was - 1st - - - :a t i c a l l y  t er- -i n o ed. If the trial were rn i ie r n t i ficati on -rmm em- -ory tr ial

the Subject h~ d a ~ xiun urr of 1500 ms after the r~quest was made to encode the

stimuli in the matrix , a n d  then he had a n ’ra xi nr mu r m of 4000 or 8000 ms to report

the St i n -j l  I. The  m a t r i x  and task request displays we re terminated after 1500

us or w’m’ n the subject made his f i rst  response , whichever occurred f i rs t .  The

multiple target report interva l was determined by the numbe r of stimuli in the

o n t r i x ;  1000 ms was al lowed for each of the four or ei ght displayed sti r u r u l i. If

thu mna xir ’ onr allowable response interval lapsed before the subject completed his

r’mpo rt of the stimuli , the trial was automatical ly terminated. If the subject

reported all the sti m uli he could remember before the maximum allowabl e response
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i ’mt e r~,ul lapsed , me had t h e  option of manually terminating the trial by push ing

a t em n - mi nat ’ button (mm simp ly wait ing for the response interva l to terminate

automatically.

Theme was a 100 ms interval between the tenilination of one trial (whether

tha t ter n- nination was automatic or ma nual)  and the onset of ~he matrix for the

n ext t r i al. There were alwa ys 30 trials in each block or sequence of trials.

These 30 trials were equally divided among the three tasks. Hence , each 30-

trial block had ten choice react i on trials , ten search and locate trials , and

t ’ m n  identification —memory tr m als.

The specific sequence of 30 matri x displays and the targets presented in

the ACKNOWLEDGE and LOCATE task request disD lays were generated by combining

;mru ’nrogram nued segments from the sequences of t r ia ls  used in the previously re-

Drurted sing le task experiments. SoecFic3 1 l y, eac h Exo erinnent ‘ sequence con-

sisted of t~ n trials from a sin rle task loca~e sequence of trials , ten trials

~~ro’r a sing le task i dentify sequence of trials, and ten trials from a sing le

t a s k  choice reaction seq uence o~ ~r al s.

he de rm sity of stimuli used in nna~ri x displays for search and locate trials

was equall y dm vid e d tetw~en four and twe l ve . hor identification-memor y trials

t h e  density of stimuli in the matrix display was equally div ided between four

and ei ’sh t - Since the old single task choice reaction sequences did not include

m atri x displays , the matr i ces that were assigne d to the choice reaction trials

in Experiment 1 curi e from either the single task search and locate sequences or

the single task identi ficat i on-memory sequences. T he ac tua l sequence of tas k s

and matri ’ densities was randomized ove r the thirty trials in each bloc k o~

trials with the restrict ion that no t a ; L and no n ui tri x density was allowed to

follow it self more than twice in a row.

Five blocks of ~O tri als constituted 
-i display condition . The first block
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of 30 t r i a l s  in each display condition was for practice . The next four block s

~ ‘ r u a l s  cIc rm e x t m t ’u-imn ental trials There were about 30 seconds between suc-

ce ssiv r- b 1 m m c~s with i n a display condition .

Th -m ’m mv- - me three display condition s per experimental session . The first

d is ph u ’,- c -’ m di ~im ri was always a single-cod € display condition in which all stim-

u li m-,nr ’m e sa n- p led from a single stimulus code . The second and thi rd display

,nm d i~ ion in each session were dual-code di splay condition s in which one-half

‘ ne s i n n u l i in each matrix was sampled at random from one stimulus codin g

- ‘ s i - m r  n ’ d the ether one-half from another stimulus coding dimension (e.g. ,

one-hal ’  of the s t i n m u l i  in the matrix could be letters and the ot her ha lf cou l d

be di qi s). The stimuli actually used in the dual-code matrices for the search

and locate t r ials and for one-half of the choice reaction trials were sampled

~ror-- t H~~ m- i ’-e ‘ct of six st imuli in each relevant coding dimension . The

stimuli used in the dual-code matrices for the i dentification -memory trials and

‘s che of her one-half of the choice reaction tr ials were sampled from only the

‘ rst three em the last three stimuli in each coding dimension . In the lat ter

case , all of the stimuli which appeare d in the dual-code matrix had a corre s-

por ding response button.

(m e  of the two dual-code di sp lay condition s was a compatible dual-code

displ -m j  condit ion and the oth er was an incom patible dual-code display condition.

n the compatible display condition the same six st imuli were possible target s

in all three tasks. For example , in the compatible dual-code display condition ,

C, I-I , K , 5, 6, and 7 could be the six target alternatives for the search and

locate and choice reaction tasks and they were the only stimuli which could

occur in thu matrix display for the i dentification-memo ry task. In the incom-

patible display condition s one set of six st imuli served as target alternative s

in the sea rc h  and locate task and a different set of s ix  stimuli served as target
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alternatives in the choice reaction and identification -memory tasks. For e x-

ample , in the inco ni upatible dual -code display condition , if C , H , K , 5, 6, and

7 were the six target alte rnatives for the search and l ocate task , then 2, 3,

4, N , P. and S were possible targets for the choice react i on and i dentifi cation -

memory tasks.

W hile the f ive  blocks of 30 t r ia ls  which comprise the single-code display

condition always came first in an experimental session , the compatible and in-

compatible dual-code display conditions occurred equally often as the secon d

and third display conditions ove r the six experimental sessions. There was a

brief rest interval of about two minutes between successive display conditions

within eac~ session .

Eac h su h~ ect served in seven sessions. The first session was a practice

session . T hat  session used either colored dots or di gits in the single -code

d isp l ay  con ~tion and colored dots arid digits in the dual-code display condi-

tions. The practice cession was identical in al l  respects to the experimental

sessions exc - ’c t  t hat  ‘ be  - a t r i x  and task request displays had a maximum joint

dur tic m n of 2000 mrs rather than the 1500 ms used in experimental sessions.

Sessi rn -mc 2 ‘~~mo’ -b 7 wi- rn e-p i ’ri rrm ent al sessions. Each subject had each of two

sing le_ c r mde d i s p l a y  r ,m m diti O ns once and each of the other two single-code dis-

olay cn’udP ions twice over the six experi mental sessions. Only the first en—

(i nt er with -su ch of ‘h e four sing le-code displays was scored and anal yzed .

Ur e-h a~ f cm 4 the sot jects went through the six dual—code display condition s in

ri’: ordI -r (di gi t-shape , sh ape-color , le tter-color , di git—co 1or~ letter-shape .

le tt~-r -dig i’.) and the other subje cts went through these dual-code d isplay condi-

tions in the reverse order. For each dual—code condition four of the subjects

had one comb inati on of codes (e.g., C. H, K , 5, 6 and 7) and four had the other

combination (e.g., 2, 3, 4, N , P . and S).
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Resul ts

The r,-~u t t s of Experiment 1 were analyzed separatel y for each task. ~‘ithi n

tasks  the absolute levels of p-’ rfor mance were analyzed for each display condi-

I • ion.  In addition , the ru-st i l ts for the color code condition were evaluated

rel ative to each of the achromatic code conditions. Finally , the per formance

m t  each subject for each task in this combined task situation was compa red to

ur is performance in the comm mpar ab le single task condition previously reported

(hri st and Co rso , 1975).

~~ r rr, ~ seor--ents m-~ the data for one subject were lost during storage on and

I ~‘etr ieva1 fro m the ‘min icom puter magnetic tape system. Consequently, the fol low-

ing r’e’ u lts  are ur(IsuH on the perfo rmance of only seven subjects.

I Choice Reac ii ’ rm Tas L

- Ac -u r acv . The r un- her of accurate choice reaction responses and the n umber

of ~~~~ - ssi ’ er r-nrc - - u  e av each subject were detennined over the ten choice

I 
react i on tr~als in each block of tr ials and then those data were collapsed over

t0e ~o um e xo r ’r i-- ~ n t a l  blocks of trials within each display condition .

I E ’ - -  ir~at ion if these data showed that the subjects were very accurate in

•m e m ,- re’ mr o~ ding : 93.6 percent of all single-code tr ials were responded to

1 co r rc-c ’l y - m d  9~ .5 and 96. 4 percent o~ ~he compatible and incompatible dua l-

code t’- ia l s were correct. The corresponding percentage of trials on which

t’o- r u ’ ~,‘e re incorrect responses was 3.0, 2.3, and 1.2. Comb ining these two

‘ea- u r c - s it -m ay be seen that even though the subjects had only 1500 n’s within

- i b i c h  t r -  r - ’s p ond , they almost always did respond. Errors of omission occurred

ri m mrmly 3.4, 3.2, and 2.4 pe rcent of the single-code , the dual-code compatible ,

r o d  the dial—code incom patible trials , respectively.

S i r m e rcc n i r lcy  was so h i gh there is no need to report on the more detailed

analy ses of the data . That is , -2ven when arnalyses of variance showed significant
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t u r su t m u n t  eYmn ~s on the accuracy data, those effects were too small to be (~f

any p m -a~~ical value .

Choice rea-~ ion i m -m e . The rm uean choice reaction time for correct responses

was de ’ c r u d  ‘em cam h subject within ouch block of ten trials. Those data

hm ’r poo P over - the four experimenta l blocks wi th in  each display condi—

t~~m ’m n’m yield the re, -~ data used in ‘n,m lyses of variance. An anal ysis of the

e m ’ m choice ‘ - ‘ - s ’ m n m m s e  time s in t h -  single-code display condition showed that the

5 1
~~ 5~ ‘- ‘‘ica t c-~~ ’ct wax due to density , F (l , 6) = 11.4 . p < .05. An exa u- i_

nu ien ’ of ~~~ data showed that ‘--:-sponse time was shorter on the hi gher density

Lmia s than m - r ’ th low density tr ials (895 ann 923 n’s, respectively).

Si n c€ - thu m at ri~ disp la y was unrelated to the requirements of the choice

‘ - - i L ’ ion - ‘sk a quest i nri arises concerning t h e  relation between choice response

ti me and he density ef the nra~ rix dis play . That i s, even th oug h the matrix

display was presented 500 ms before the request for a choice reaction and even

though the subject may have attended to the matrix display , all the information

t hu - subject  needed for a correct response was in the ACKNOWLEDGE display. To

exa r”ir e the effect of the matrix display on choice reactions the performance of

each subje ct in Experiment 1 was compared to his performance in the previously

reported single task choice reaction condition (cf. . Experiment 8 of Chr is t  and

ho rse , 1975 ). Al l  subjects had se rved in Experiment 8 approximately one month

p ri or to their pa rt icip ation in the present experiment. Except for the presence

of the i rrelevant matrix display and the uncertainty associated with when the

~ - ice reaction task would be requested , the choice reaction tdsk was identical

in the two experiments.

An anal ysis of performance levels in the single-task and the combined-tas k

experiments showed significant effects due to experiment: r ( l  , 6) 51.63,

p ‘- .01 , for 4he Low Density combined task vs. single task comparison and
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F(l , 6) de .6 , p < .01 , for the Hi gh Density combined task vs. single task con—

parison . Overall average choice response time for Experiment 8 was 6 .31  nus . The

corres pondinq mean choice response times for Low a-md Hi gh Density cond~tion s in

the combined -task experiment were 923 and 895 ms , respectively. The diffe ren-

tial ma~nitude of the comparative response times suggests that in addition to

m- iFru teve r  the possible effect of task uncertainty , subjects were attending to

and pr - r m e s s i n q  the contents of the matri x display prior to the presentation of

a t m s k request display. This interpretation is furthe r supported by the sironi f~

i~ ~ e~~~- (rf density cc -u loice response time in the pre sent experiment. 

r P-~~ce response time in the dual-code display condition s was also

used i q an an al ysi s of variance which showed that the only si gnificant effect

us die t~ the n uiri ‘-~ ‘ect of within —co de combination . To facilitate an e x u-’ - i—

nat i e + -.-.ithin -code combination effect the data from the single-code and due l-

CO : ’ (flr l d i + i - r l S w - r ’  combined to y ie ld an orthogonal desi gn cons isting of f-~-ir

I- - I s  f ta m - m e ’ code , four lev e ls of background code , two levels of matri x dis-

p 1 , derrsit- , , a’md two levels of tarsot code compatibility. An anal ysis of var-

of those-  P i t a  showed a ~~ m n if i c a n t  interaction between target and ba 1 -
n~- r - o r-d co -es , ~(9, 5~~) = 3.19 , p < .01 . The form of that interaction e f f r ’o f  may

be s een in , Fin jm e 7 wb~ ch shows mnean choice response t ime for each combinat ion

of t u r”s~~t cob and background code. Neu nu an-Kucls tests of all pai rwise c o - p u r l

c or m sh ow u d that the only si gnifi cant differences were between the longest re-

sponse t m ne shown (952 ms to letter targets when the m a t r i x  c o n t a i n e d  le t te rs

, i F l ( j  digits) and the two shortest response time s shown (829 ms to le t te rs i n t he

letter-shape matrix condition and 829 rims to digits in the digit-color matrix

condition).

Rela tive scores. Severa l analyse s were performed on relative s cnrvs derived

from t~r t - absolute choice response time data . The ef fect iveness of color coding
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i nn the single-code disp lays was anal yzed relative to the three achromatic cod—

m n q v m r-i m bles. Specifically, the diffe rence between choice response time t o

color and to each achromatic code was divided by the choice response time in

4 hm ~ a m - m ) n ’ l m t i c  code condit ion . Pos i t i ve  scores indicate an advantage for color;

neqative scores a disadvantage for color , both relative to a particular achro-

matic cede . tn analysis of these relative scores shows no si gnif icant ef f r - ts

due to m m mv independent va r iab le.  Ove rall , choice respon se time to color was

2.~ percent shorter than to achromatic targets. T hat rathe r small gain for

colo r cod in seemed not 1 (1 be due to a speed-accuracy trade-off since the leas t

i mP most -Icc orate target codes (color and digits, respectivel y) were -oth asso-

ciated w ith the shortest response times.

In the dual -code conditions , an analysis was performed on the ef’e tive _

ness u~ colo r --od ed targets relative to each achromatic tarcm r- f code for co~ot~nt
o - mc ~ mo och m m m m m d i  tions. That ama lysi s yielded no signi ficant reatunent ef~ m-ofs.

w i t h ha . g r m~~nd m ild constant, color targe t codes led to choice mu - --

s a i n t -  t i m-m t - s i-ini ch w e re 2.5 percent shorter than respon se ti me s obtained wi t h

ac hr~~p t iC targets.

c o n:ar ismon l s were also made between color and achromatic background s~ i u i

for on s ta n t  ta r -p t cond it ions. An analysis of those data showed that the only

s i m n i f icant ~~fec t  was due to the code comparison variable , F(5 , 30) = 2.88,

p ~ .01. An examination of that main effect showed tha t the choice respon se

t i e  to achromatic targets is generall y shorter if color codes are used as back-

m rnmj nd s t i ’m i l i in the matrix di splay than if some other achromatic code is used

as background stimuli. The overall relative effectiveness of color codes as

tmr i kgr o i mr m d , or the absence of an interference effect due to color backqround

, t j n m iu l i , was 2.8 percent. A test of all pairwise comparison s showed tha t t tm me

rm n m l y signi ficant comparison was the most extreme pair of diffe re nc e cm ores:
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letter targets when color and di git backgrounds were compared (+9.1%) and letter

targets when color and shape backgrounds were compared (-4.0- - ).

Another set of relative differen ce scores was determined between choice

response tune in the sinele-code display condition and choice response time in

t u ne comparable dual -code display conditions. For these difference score s a pos-

itive numbe r indicated an advantage for dual -code display , negative scores a

dis advantage ~or dual-code display , both relative to single-code displays hay-

inn the c a r - c ta rget code . -tm anal ysis of variance of these difference scores

yielded no si -: n i f ic ar t treat- c-nt ‘-“ -cts. Tie overall effect, howeve r, showed

an advan t- u m e ‘or du a l -code disp la ys over single -code disp iays~ choice response

times were 5.0 oercert shorter w ith two stimulus code s in the matrix display

than one. An alternative inter: me tation of that overall difference score is

tha there ~s on adv antage ~~~~ two respon se codes (with three alternatives in

each cod’-) o v r  one response code (with six alternatives).

Searc n and Loc - :mtc- Ta—k

fmc~ur a m~’ . The nw -mi mer o~ accurate locat ion responses made by each subject

was dete rmined over the ten searc h and locate trials in each bloc k of 30 trials.

Those data were then ‘urt m rer collapsed over the four experimental blocks within

each display sond itio r - . Exa m ination of the data showed that perfo rmance was

hi mb ly accurate. In the sing le-code disp lay condition subjects were correct on

85.8 percent of all location trials , they made incorrect responses on onl y 6.0

percent of the trials, and they made no response on 8.2 percent of the trials.

‘ hu- accuracy of search and locate responses was also quite high in the dual-code

disp ~a~ cond itions . Overall , subjects were correct on 91.8 percent of the dual—

code locate trials , errors of commission were made on 3.9 percent of the trials ,

and loca te responses were not made , i.e . were omitt ed , on 4.3 percent of the

trr ,il s. h y comparison , these same sub i ects were correct on °2.l percent of

the single-code trials and 92.7 percent of the dual-code trials
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in tee sinq ’e task locate condition prev iously reported (cf ., Experiment 7 in

Ch r i st m i d  Comso. 1975). Hence , even thoug h there was uncertainty concerning

we a locat i r m response would be required in the present experiment , and no

S~~c m l c - r t a i m t -1 excisted in the previously run single task condition , and even

thou m u m there was onl y 1.5 seconds within wh i ch to respond in the present corn-

bined to s~ situ ation compared to 4.0 seconds in the single task situation , the

subject- - we re essentially equally accurate in bot h situations.

An analysis of variance of the location response accuracy data from the

single-code displ ay condition showed that the only significant effect was d ie

to the Code ~ Density interaction , F(3, 18) 3.2~ , p < .05. The range of

scores invol ved in this interaction effect v~~ied from 78.6 percent correct for

12 Density_ letter displays to 91.4 percen c correct for 4 Density-digit displays ;

this largest di ffemen e was the only pa i rwi se compar ison which was s ign i f icant .

An anal isis of van an - ce of thn pe -centage fl 4 ecmrr ect search and locate

tri a ls ‘or the dua ’-code display conditions o~ the present experi ment showe d

tha t ode conbirn a ti cin was a sien i~~icant rn-u n e ’’~ i t at the .01 level , F(5 . 30)=

7.35. and tha t t h e com p a t ibility main e~~ect . L(l . 6) = 12.50 , the densi t y main

e f~ ec , F( l  . 6) = 7.0~3 , a~ d the i n tl r art i o n of code co m binat ion and density,

E (5, 30) = 3.14 were all significant at the .05 level . Inspection of the data

‘
- - icoled ttm a ’ a c - u r uc i  w s  g rea ter  in t i m e incom p atible condition than the coin—

pat~ble condition (94.2 vs . ~~~~~ It was also determined that t im e r - u was no

- r md c- coritm inatio rm -cn ’-ct in the Density 4 ma trix condition but that accuracy in

the lette r-digit combination was si qnifi ca nt l y less t han in any of the othe r

t nve conubi’ m ’ ion s in the ) t -ns i t y  12 matr i x condition .

~h’c ‘ mf l m  n 1 the code combination main effect is illustrated im i Fig u r e 8

which shows pe mm u m utage correct as a function of target code with background code

as a pa rameter. For comparison , the accuracy of e a h  sing le-code condition is
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a l s o shou-;n in the finure . An analys is of all pairwise comparisons showed that

m-Th Me * m m c r -e wm - re no differences among b a ckn r v - mmmjn d condition s in the dual—code

d ’ spl - uv s u-~hi ch had di g i t s  or co lors  as li I r (iItS , there were e~’c-cts Put to ba~-

umomj nd - o m d i t  ion s m-i~mm ni let t ers or shap es we rt- tar -m ets. Specifically, when a

letter was t ime target t Ee li qit backq mn und condi tion led to l owe r levels of

location u - e sp - m nm se accurac +- t han the shape or color - - a m ~~qr cm mj nd cond i t ion s wt b

di ‘1 n ot di ‘~ eu- from each other. ~ hpr m a sh a r e was the target br- letter t o -  -

pm iu nd coed4 tio n led to l owe r levels o~ accura cy tha n the color back g r ou nd nn-

d it i - ‘  ou t nei ther of these condition s were diffe re n t ~rorm n the di r~it backo r urm d

cond tion . ~n in spec t ion  of Fi gu re 8 sugge srs that dual—cod e ma t rice s ,-~b ii ~

co nta ined color t i -ul i either as a target code or a s  a background code led to

‘ 
no- -e accurat e- ,eamrn ona locate responses than du al-code d isp lay s 9~H~~ 

r d id no~

i r m c l ’ j d e  colo r . F’irt e n’cm rP . i~ may be seen th at P r o m — - - ode di sp 1 ays -menera ’ - -

le d t o norm accura ’e Search and locate responses tha n - sinnl e-c od e disolays

Sea r o n  and  1oca~e t ime . The mean time renui red ~or a I correct locate re-

op ‘-ses was 0e t -~~- m e d  over the ten search ard locate trial s n eac k b~ ock n~

‘- ia l s and over th e four blocks of trials w thin each display cond it ion . An

ana lys i s of data from o n l y the single-code dis play cond ition showed that th r

only s i - :r i i~~m c - ’  effect was due to tic density of the matri~ (1 , h )  = 66.~l7.

p < .01 . M e m o  search and locate t°re was show’ to he s h o r t e r  for the Oen S1t ~

4 displays than the Density 12 displays (237 and 103? ins. respectively ).

An anal ysis of the search and locate times from the dual -code d sp lay m l ~

dition showe d that the main effects of compatibility , F (l , 6) 9.lu - . and code .

F(5, 30) = 3.28, were both si gni fi cant at the .01- level and ‘i ~ t the mai n e t _

fects of density , F(l , 6) = 926.74, and w i th in  code comb inu~ ion , F(l , ( )  =

17.27, were both si gnificant at the .01 level. In addition , the analysis showed

that three two-way interactions were significant: Co lt - x Density ,
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F(5, 30) = 2.80, p . .05, Code ~ Code Combination , F (5, 30) = 4.62, p — .01 ,

and Density lode m m mmr h inat ion , F( l  , 6 )  = 40.80, p < .01 . The main effect of

com patib il it i conditions was due to ove rall l on cm u mr search and locate times ~or

t ne compat ib le than u 0 incompatible condi t ion (23€- vs. 915 ins , respe ctively).

The form n~ hi rel ationshi p s involving dual-code condit ions , code combinations.

and ‘~nm s i ty ef’ects are shown in Fi gure 9.

r i qure 9 shows the mean search and loca te time for each target code con- i-

tion wit h t e e  h -  k— m round code shown as a mo ara neter . The so l i d  b - m r s  in Fi gu’-e

9 show comp ar ab l e data fr om- the sing le—code d isp lay c re d i t  ion . ~t nay he- seen

tha t the two co n diti r m m s w hi ch combined letters and di n its (letter tarnets and

digit bac karou n d or -jice versa ) led to longer response times t h- r the other

~~ve dua~ -cuhe - m r  di t ions which did not dif’er from ore anot her. I t  may also

he seen tha t dual -code disnlays wh iCh included color codes (either as t om e-to

or as hack mr -jnd) nenuoral ly were assoc~at with skirter searc h nd loca~ e

tim es s ui an fk ooe cond~tion s -.\- ‘ 4 ch did ‘-it i~ c l ud e color . Fina l’ y, Fi gure ? a’so

l ’ j-otrate s that dua l-co de dis p lays genera l ly  led to shorte- - resnonse - ‘-s t~an

S “ - : l e -code d i s p l a - i c .

‘u e -v~- r: 1 l  — e - su lt s ~e-j rm d ~or search acid locatn ti ’- e in  t he p r e s e n t  co” _

task e.-oeri~~r t are ‘ m r O c r  than ~bp~p found in the sing 1 e task n - ne - r i -‘e” t

- us 1 v r rpo rt rp  (r C
. . -- u j - n em m t 7. Cbr ’~s’ an Corcsn , ~975). The gr,a n - ”--c-an

un - no r - - t i”es  ~or tn’ combined and th r  s ‘-- ;l n tas ks ar’ Ott nd 756 ins, u-c- spec—

- y e 1 i , ‘ - - - ‘be sing le-code display condition and 926 and 70t ms, respectively,

f or the dia l -sode display condition . W h i le ~hern is a di f ference in overa ll re-

sn mr mn se t i m e  for ~be - omm ibined and single t u s k , it is important to note tha t “mi s

pf
~ec t was uniform over target codes and other display variables.

Pr~lati ve scores. In orde r to assess the rel ati ve effc -c~s o~ co lor codi ’m:

-and the relative effects o 1 dual-cod e cod ing that were discussed in connection

w u th F i gore 9, several percent difference - comu ’s oem- den ved f r o m the a bsol ute

search - m d  1’-’ u tu  time data . The relative - - f f m - c t S  ( f ‘~i r c - 1o co 1 or codes in E \m m e r i- ’me nt
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1 had no si gnificant treatment effects. Overall , however , the sea rch and locate

tim -me n found for color targets were 6.6 percent shorter than for achroma tic tar-

gets. Tu e relativ e effects of color as a tarna~ code for constan t background

condi t io n m ed as a back ground code fir constant target condition s were deter-

mined for each subject in the dual -code conditions. An analysis of varianre of

t Eme relative effects of color as a target showe d that while there was an overall

advanta rm e for color relative to the achromatic code comparison s ( 7 . 5  ) there

was no di~~ere’m t ia l effect over compari son codes. The onl y si qni f~ r;a’~ t reat-

ment ef~e -t was due to density, F(l, 6) = 9.11 , p - .05. The relative effec-

tiveness mf com m was shown to be greater in ?ensit y 12 th an in Density 4 dis-

p lay (lO .2b vs. ~.7 ). There were no si gn i~ icant tre at men t ~~
f
~cts for  th e  P a te

showing the rel ative effects of color as a backgro und code. Overal l , search and

locate time s to an achrom atic ta rget were 3.0 percent shorter if color was a

back ground stimulus than i f  anothe r ach romatic code was the background sti ulus.

The deri ved scores comparing performance in dual-code displays relative to

single -code displays showed that there was an overall advantage for dual-code

displays~ 5.6 percent shorter search and locate time s were obtained in dua l-

code displays than single-code disp lays. An anal y si s of variance of tb -se de-

m iv r - d score s showed, however , that the only signi~~cant tm”atment effect was

due to co mpat ib i l i t y  condit ion , F(1 , 6) = l1 .39 , p < .P5. It was shown that the

gain in performance obtained with dual-code displays over single-code displays

was greater if target codes were incompatible rather than compatible (6.7 vs.

4.4 ).

Identi f ica ti on -Memo r1j~ sk

Sub~~ç~~~~rm i nated s t i m u l u s  a n d r s p p ~~e in te rva l s . The res ponse reco rd s

of eac h su bject ~~re examined to determine the exten t to which the subject ’ s

first identification -memory response terminated the presentatio n of the displays.
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The results show that subjects rarely respon ded before the displ ays had been

presen ted for the maximum viewing time . On the othe r hand , with the exception

of one subject who never used the trial-ter m ination button , the subjects qen-

erally did terminate the identification -memory trials. Ove r the six subjects

for whom there are data , 96.0 percent of all sing le-code display trials and

99.3 percent o~ all dual-code display trials were terminated before their ma — i -

iurmn duration . This ten dency for subjects to terminate the n~u 1ti ple target

iden t i ficat ion trials was equal’y evident for Density 4 and 8 matrix displays ,

and consenuentl y. ~om four and ei ght-second response intervals.

• ~r i J ~~o (i The -me her of correct and incot-rect (commission error) re-

s : - c m e s e s  ocr  i dent ificati n ’- - nenmmo my trial was determined separately for each sub-

joct as a ~ue ct ion o~ display condition , code , and density. A quick look at

~~~~~ data clearly showed that the subjects were very accurate in thei r per-

mm rr ~~nce . t v e rm l l single -code display tr 4 als the subjects correctl y identified

• ae- tVC r iC o ’ 5.34 targets (89.0- ) and made an avera ge of only .52 commission

e’~-’or per t r ial. Subjects were even more accurate in their recall and ma de

~~- -w- r erro r responses on t. be dual-code trials. On those trials , subjects cor-

res tl~ i n u m m t i~~ied 5.56 targets (92.7 ) and they ma de onl y .37 error response

oem t r ial.

An analysis of variance of the numbe r of correct respon ses on sing le-code

trials showed that the only significant effect was due to matr ix density,

1(1 , 6)  = 401.78, p < .01. Subjects correctly identified 3.83 (95.8-) of the

targets in Density 4 displays and 6.86 (85.8b) in Density 8 displays. An analy-

sis of variance of the nummrber of correct responses on the dual-code displ ay

trials showed that the followi ng effects were all significant at the .01 level :

density, F ( l , 6) = 596.91 , w i th in  code comb i nat ion , F( l , 6) = 21.64, Code x

Density , F(5 , 30) = 4.68, Disp lay Con dition x Density, F( l , 6) = 21.99. In
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addit ion , the main effects of display condition . F (l , 6) = 6.82 , and code ,

[(5, 30) = 3.27, were both si gnificant at the .05 level.

An examination of these data for dual-code displays showed that the level

of accuracy was essentially constant over all other conditi on s when the density

was four; of the two targets presented for each code within the dual-code con-

dition 1.96 targets (98.0 ) were on the average correctl y identified. When the

display density was ei ght , the overall number of targets correctly identified

per code increased to 3.59 (the percent correct decreased to 89.9 ), but there

was a diffe rential effect due to levels of display compat ibil i t y , code combina-

tion , and code . In short , when Density was 8, accuracy was sli ghtly less ~or

the compatible code condition (89.3;) than the inco rm oatible code- cond~tion

(90.5:); less for the letter-di git code combination (85.0 ) than for the other

five code combination s (9O.0~ ) ,  but more ~or lett e r -and digit targe t condit i ons

I t t h  color or sha pe b ack groun ds an d for sh ape ta ru et s with color back ground

than for any other target-back ground code combination . The form of the effects

o~ code conditions on accuracy may be seen in Figure 10. This fi gure shows the

nercentage of targets correctly identi fied as a f-jnctin n of dual-code t lrqp f

- -o- ;-gro in d code combination . Also s - .-n for com pa ri son are the results oh-

ta m ed w ith the sinnl e—code displays.

The ove -oull level of accuracy on multiple identification tr ia l s in ~he

pre ’ - i t . experi m en t was substantially higher than was found for that task tm i t he

previ ously reported single task study (cf. , Experiment 9, Christ and Corso,

1975). The overall number of commission errors per trials was shown to be

smaller in the present study (.43 vs. .71 ) and accuracy increased for both

Density 4 and Density 8 displays (119 vs. 80 and 93 vs. 85- - , respectively).

This ove rall increase in identification accuracy may have been due entirel y to

the increase in maximum encoding t ime from Exp emiment 9 to the present experimen t
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(40)-lIOn ms in Experiu ru ent 9, 1500 -2000 ms in Experiment 1). Even so, - *  is

oomt n notin m r that there is no differential effect of encoding t i ’~~, ta -k u r vr r_

t~~in
t y (absent in Experiment 9 but present in Experiment 1). or practi c e on

- cum icy w ith different code s and code combinations.

~e1at ive accuracy _scores. The relative effectiveness of color as a tareet

code i n  single-code display showed that color was neither more nor less effec-

ti. - - than achromatic codes; the grand mean relative score was -.04 percent. An

an - ’ -/ n ic o~ vmn i a nc e , however , showe d that the specific achromatic code used in

a co m -- m - a ri so n - -i-a s a si (rr1 i~ icant source of variance , F(2, 12) = 4.06. p~ 
- .05.

Th oj qh statis t i cally si gnifi cant the relative score s were still not large ;

col’-m led to sli ghtly less accurate performance relative to digits (-2~97%),

sligbtl - .- -more accurate performance relative to shapes (+2.21%), and to essen-

t~ a ll , ‘be Sante level of accuracy relative to letters (+0.6531).

The compari sons between color target code and achromatic target codes wi le

backg r- - ’ d cc -des we re held const a nt showed that t here was no overal l  ga in or

loss associated with -isin na color (grand -u -an relative score was -°.04 ).

Simi l a r l y , the d~rta wn ich comoared color background stimuli to an achro-

ria tic bac~-rjr om jn d ~sr son- m i- other const ant achrom at ic target code showe d only a

very small (-~3.86- ) effect associ -a t - -d w ith using color. Finally , the percen age

difference score wh ich reflects the effects of display format showe d that the

accuracy of icenti~ ication-memory responses was only slightly hi gher (+3.36

for dual-code displays relative to single-code displays. Analyses of variance

r~~ these latter three sets of relative accuracy scores yielded some significant -

treatment effects but the range of scores involved was generally quite small and

not of practica l signi ficance .

0r der and o~~~p ization of re~ponses. The series of identification -memory

responses made by each subject in the dual-code display condition s were examined
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to discove r what, if any, diffe rential organizational tendencie s the re m i g h t  be

as a result of target code combinations. Since the subject  could report e i t he r

one of the two target code sets first , one m e a sur e - of response organization was

the frequency o~ time s the subjects s first respon se was for a target frpt - one

or the other t m rget code conditions. Those data were determ nined over the five

t r i als of each leve l of density as a function of the six target code combina-

tion s and the two levels of code compatibilit y . An analysis of variance showed

t~ - t  ~‘-e only si gni ficant effects were due to density, F( 1 , 6 )  = 7.13; Code x

7~n sitv , [(5, 30) = 3.16; Code Com~ayh il it-, °ode F(5. 30) = 2.92 ; and Code

Conipatihi~~ t y  ~ Code x Densit y , [(5. 30) = 3.18, all at p < .05.

-5 n e~amnn i ’ -ation of the data for the first target code reported showed that

when toe density of the display was four targets , two from each code within the

code co rm b u iati rns , there was a strong effect due to code : letters tended to be

reoi-rted ~~ -~~e -m - e di gits ~n 67 ne -rc e - r it of th e t ri a l s  but sha pes and co l ors tended

to he mco orted~~~’ore let ers (621 and 513 of the time , respectively) and before

di g its (~~ --l n~ the tim e in - am cose). ~hoies and colors when combined tende d

to be re~ue~ted ~im st en ual l y o1 - - m n (~~I ae-d - P ’ , respectively ). When t he d ’-- i s i—

ty e-~ the- di col ay was n mr-astad ‘o caioht 4~~ r~p-~s, the di~ ferentia 1 ten nn r 1 to

- - 1  one c~ the code s be fore t”e - t b e - r  w-~c no longer apparent. Now , excert

or the shun t - _ color combi nat i on where shan es ‘~‘ln dn d to be reported first (on 63

~ ~be trials) , tee two ~arqet codes tended to be reported first equally oft en .

Except t or seine me ia~ ively small and non -ystematic deviations, the same e-f~n cts

of -I u m m s i t /  av id - m m - l u -  combin ations on ~irst report data were found for both con-

( dl~ ion s of displ ay compatibility. 
-

C am r ~ ’b r -r measure of response organization in the dual—code dis play condition

w in the number of responses ma de in one target code be~ nre ‘he subject shi~ ’-- d

un is responses to those of the secon d target code, i.e. , the length of the initial
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u - -jr of mr spon se s. Tho - i  data were we i qhted b y I hi - proport i Inn of t i n i e each

ta - t c mde u-las rep - ri el first - ~~~ wei ghted first run length data w i - m r  ar-a-

l ,ze 1 as a n tio r i 0 1 code couubi oaI ion , density , and code compat ibi l i ti- It

-. 5  shi - -~-ir 
u ma t n  onl y significant effects we m’- due to code combination ,

F (5. 30) = 2.74 , p~ ~ .05; and densit y . [(1 * 6) = 147.67 , P < .01. The- n-icon

~i est ms~ lc- r mi t . h u-i a s 1. 311 response s when the display dens i ty  was 10 a r  st i mu l i

med 3.52 res: ses when t h e  d isp lay  - e n s i t y  was eight stimuli. ~
m hi1 e them ’- - - -s

r - l - a t i v u-l ~ l tt ii - v m m i a t i - i m i  in initial res p o r —u - run lengt h ~Hr~n the density - -~
t i c  d iS p l ay - -m s 4 ojr st im uli , the-re was an e~’ect due t o t - u r q et c od’-- ~n m - N~ n~~t jim r -

when dens ity was eic rht ; at. : c- n si t-~ 3 •be n -e a~ i n i tial run length was 2 3  re-

sponses for the le tte r_ d i g it combination and 3 .7  responses for the o”’-r five

tar oc t code combinations.

c ve m a i . t~~ese finding ~or response or000ization are not cOn Si ctm-r ~ u- ’’b

the resjlts - t-t ai n ed in the previously repomted sin -ale t - -s~ i denti ficat i on c- .- -

pen -- ce - m t or r-~- t hey par t icular l y useful in e~ oia in in g the relative e~~ecti ve--

ness n’ color. The n c~’eviously reported s ngle task resu ’ts showe d that subjects

tended to rr -p rm r t c h r om a t i c  t a m o e t s  be’o’e ch ronn a~ ic tar nets, ~be reverse w a s

‘-a - m l here r id th e rm onl y for the low de r-sity displays w’-~ ch v iel ded -n di ~‘ r_

n i ne s  in accu m - - . or Lo mn n i ss i on err~r as a 
runc ti on of code conih’~~m ’ inns. T he

ic -;th of t ° -  in itial i- u n  of - c-n - on ses was cons ist -- nt het-~- t~ two e~-per
i_

ments cut t~~c ut a -n c- re~y show that ~hn subjects tend to --opo mt all the i t .Cn-5

front one code before switchin g to the ( i t  he-r code .

Res pon se time Fi~ ure 11 ~bnws the di stribution of rrsponSe time s ‘or each

single—code displ u - y condit ion and for each code ceotmination within the dual -code

display conditions. Two different response t -c measure s are shown in the

li re : the -~‘ mr- time for h1- fir st id~n t ficati on m ”erm or -y p um nse on a nl vefl

trial and tb’- - -mu- un response t i n e m m ’ c u ll correct identi fi cat - n - -c ony responses.
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The lat tu r response t in :me measure was determined b y averagi ng over tt e ‘irst

i:ier it i  I cation - - m e-m a r - response if it were correct (as it almost always was)

mi n d all relevan t in~erresponse tin- me s in the subsequent series o’ cor rec t id e nti —

f c - c t i o r m—n nen mory responses. These two response t imne measure s wi re de~ c-r 1 n c - --’
ove r the 4 c -n- i d en t i t ic at i o rm - n ne mo n -y tria l s in each blo ck of thir ty t r i a l s  ~nd

t-men pooled ver the Icu r blocks of trials w i thin each display cond ition.

lifl an~ l y ~ is m m t ‘inst response time s for the single-code display condit ion

s- mu-ied t h i ’- the onl y 5i r- ~ ~~ cr ~it e’’--cts we re due to densi t a - . F(l . 6) 70. OP .

ar md em n s it ~ Code Co u - h i ’ - - - ion , F f3 , 12) 3.69, both at p ‘- .01 . ~3n exu n- - i mcI --

~ of tie 1 ita showed t - ci the ~ i rot res :conse requi re- 2319 m s u-mben bert—

u-:ere fm - ,r ta r t et s i1 the - t m  and 3175 -s when tb -m r we re ei ght tarn - ’ 
~

‘ans it- i  x Code i ’ nnr c - - i ra r m  e”c - u-ua s due ~o a t - ’--Jenc y for ~~~~ e-cicor’ -~ fl~~

di g i ts a :d  co iccu m t a beg in sore q ui c k lv  t han the --eOO - t s of let te rs  and sha pe s

woen the d isp lay  conta r id  ‘our tamo ets ; when the display con tained ei (ht tar-

nu ts the onl y pai ru-I ise d i f L erence wh4 cb was si - :ni~° cant was bet- -re - n rst re-

sponse time tic l e t te rs  and to co lo r u .

An ana l y s is  r~~ the u- - m O first re-sponse t i e  for d u u l  -cole displ a y s sh oed

that si gnificant cm s~cts were due to code combi ’-ct ions F(5 , 30) = 2 . 75 , p ~- .01

The de nsi t y main effect was due to a l i r e -v f r-J r Isponse time w hen densi ty  w a s

ei gnt (2934 ms) than wtn ’ - _ 
densit i -ia - four (2112 ms). The nnn a in e ff e ct o’ code

conubination of first response ti-ne was shown to be doe to a longer firs t response

tim - mi ’ for the letter-di g it combina tion (2718 ms) t han Cnn -am cy of the other five

code combinations (?413 ins) .

Compa rism cn of first response time d u C t  ‘mor n this combined task r~per i -m ema t.

and the previously reported single task / i c m - ri m en t showed a di ’ ference t ma ~avom

of the single tasks. 1me over a ll first r- - tm oflsc ‘umne i m r  sing le-code identifi-

i t iuim -me mory trials i’s u -c - -u sed t rom -og~ in Exp er iment 9 f ia  27i1 7 nTi S in the
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present combi ned tn - -~~ e , l ue - r i m - t - r m t . ; t he correspon ding increas ’ - for dual—code

i m n t i t i c t t i O f l _ ” c emm m ir y t r i o ’ s us fm i m mci  1939 ms to 2444 ms. M -u h of the differ—

cn i ce  in f - ms ’ re n i mo r is e  t i” u i u- t vje - i- ’ m the two experinuents may be due ‘ o the ex-

posure t i r e  fac t c m . 1 m m  the i so l a ted  t d s k  experim ent the huma t iorc ic f  ti n -  s i - -m u—

l u s  a’-r m ~- u-i -- 4-39 and 300 ms for density 4 and 8 di sp i ~m -/S . respecti i r - l y .  In

E~ -en t. 1 c/c osine ti-- i - was constant at 1500 ms. Su lc i m m c ~ j n-i the sti m ic i lu s

dam~i t en ~roni ~he latency - f  the f i r s t  responses y ields an average time for

beg in-i - - m g a recall ~ n isolated task experiment of 1309 is and 1501 ms t or 

si ’ ; ‘~ and 2 d is p lays , respec t i ve ly. The c rm rme s pond ing - -m ean t im -- e s fc- r be-

e -  nn i rm g a rec a ll in Com bin e -H task we re about 700 and 1500 ins. Hence , due to

the s---- - --~~- - - ‘ m- ’ ne-su’~e t i - -ps used in the isolated task e ~p er m - - cc - n t . ti ue subjects

nay have -usc- - the peri od I e - t -.-ie-en the term in ation of the display and the i r  f i r s t

‘s - an-- c r - s c- ~om mot e -coot ri m ii fl O t m e i r encod inc of the di splay and for amoco izing

~h e m  5p5~~’~ s o s .  B~ contrast , the longer exposure tim e s used in Combined T~~ k

1 r ac y 1m u - ~e d i i  - -w c- d the su3~ect to co mplete l y e n c m d r -  the nr-j t (esoecia 1 l y fir

:ee-si t -i ii~ sral a vs) ; ‘ -a - j bse - :  ‘ - c t  t i e -  required for the f i rs t  report was thor

a f ~f lmt i - r-rci o’ b oy-- 1’c ’~~t i took ‘.n or imu n ize their responses. The in~ en ’r mu - e —

t a t io r  n - - I -’ rice-r ‘or t u ne d i ’mr- mnn ce betwee-n I ~p emi m nn cn t s 9 and m orm h i ned 3ask

sho uld ~ ~~~ ~~~~~ ‘- oi l- of ‘be inc ’- ’- -se i v :  o ver i l l  accur .ary of ‘esnondino and ‘he

‘m cr ’-jse - p - e  -cS ice be ’ wi-n’ thi- tw ~ e -. l nni - -c rnts.

[mm - sa l i- si 5 of variance was pe r fom - ed on the mean com e- c t r c - s : m - m nse t imes for

single-code displays. I t - i s an a lysis showed t h a t  densit y. F( 1  . H)  = l0 .~~1. - m r - - I

- ode , F(3, 18) = 3.77 , were si g n i f icant at t ’ me .05 leve l and ‘h - t Code ~ ens i—

ti , [(3, 1-2) = 5.39 , was si g nif i c a n t at the .01 level. Gene u- lly . correct re-

sponse ti - c - s were shorter t- m m  density 8 di splays than for Densi ~ a displays

(764 i-ms vs. 2/16 inn s). The Code - c rud Code t f l em isi ty - f f c m 1 5 were shown ~o be due

to the longer response ti n - ic -S for let ’ -rs and sha pes than for i r t i t s  and colo rs;

I
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response t i - - t-s for di gits were shorter than response times to the other codes

when density was four but ;nly the two extreme respon se times (letters and

colors ) were significantly diffe rent when density was eight . These results are

il1ustrated in Fi m lu m e 1 1 . A comparison of the sing le-task response time s be-

awe - rn Combined Tdsk I and the previously reported sing le task experiment

yielded very similar ~uncti ons except for the relatively long response time s to

sic~pes and colors in the Density 4 condition of Experiment 1 .

An analysis of variance of the correct response tim e s for dual—task dis-

play trials showed that code combination , F(5, 30) = 4.55, Densit y , F (l , 6) =

29.38, an d Code Combination x Density, F(5, 30) = 3.77 . ~‘ie~-e all significant at

the .01 level. These effects are illustrated in Figure 11 .

I t  ~-av he seen mn Ficure 11 that for the dual—code condit ion s with letter

or d i g i t  targets the re is generally only a small di fferecce dun to dens~ty and

then , e nt cep t ~or thi- letter target-di git backgroun d combination , the correct me-

anLcnse ti m - ~ ar~ shorter for Densit y 4 displays than Density 8 displa ys. In

contrast , the dual-code conditions w t h  shape or color tom ’-ets show a large dif-

fe rence in correct response times due to density and the-n the response times are

s ho rte r ‘or :u-n s it y 2 disp lays toitn De”sit .v 4 disp lays. Pooled ove r the tv-’- tar~

aets w i th in  eac h code - on rcHnation the- re- is a ver:- b r - - - density effic t for a l l

cod e co mbination s ex ce pt  t f e  l itter-digit combinat i on. Correct response t~ mes

we re rel at iv e l y constant ~cno-:n d 752 ms fcr Densit y 4 displays - ut for Dens i ty  8

displays the rne~an co rrect  rea~~ion time for the le t ter _ digit combinat i-m (744 ms )

was ouch ~c1 rc ; ‘- m than u or the othe r five con n i lmi m ati m mn s ( m 4 ,  ms). The n-n e on correct

response inne s fr~ n m the previously - ‘ - 1 - r - t i d  single task experiment showed no

~‘~ -ct~ due to densi t y and t h u  code cor m ibinati om i effect Wa S essent ia l l y  i dentical

- r  t uuc one just described for the Density 8 condition in E xper im en t l~
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$ Relative response t ime scores. The r e l a t i v e  effec t iveness  of s i n g l e col or

~ codes on correct response time s was determined for each subject as a function

of achromatic codes and density . When those data were used in an analysis of

variance it was shown that Density , F(l, 6) = 7.55 and Density x Code , [(2. 12) =

I 
5.92, were both s i c m ni f i ca r i t  at the .05 level . Pairwi se comparison s showed that

the most extreme percent difference scores were si gnificantl y different from

each othe r and from all other scores. The response time s to colors were 7.5

men-cent sb or~ umr relative to l etters when density was ei ght ; the other percent

diff erence scores ~--net e -equal to +5.75) did not diffe r from each other.

Color target codes were shown to be ineffective relative to achromatic

I target code s when backgro und code was held constant for the dual-display condi-

tion . The overall percent dit-ference score was -2.85 percent. An analysis of

variance of ~bcse data s tmir wa0 tha t the only si gn i f i cant effec t was due to the

interaction s of the comparison achromatic code and code compatibility ,

F(5 , 30) = 3.43, p < .05. An examination of the interaction failed to show any

systematic e’~ects. The range of percent diffe rence score s went from a loss of

-20.6 percent to a ga~ r’ of 10.7 percent.

The comparison between color back ground code and achromatic backg roun d

code f’cr constant target code showed no overall gain or loss associated with

color coding. The percent difference scores for color background coding went

from a loss of -33.7 percent to a gain of +31.5 percent; the overall mean was

‘.3 percent. An analysis of variance showed no significant treatment eft-m-c ts .

~ com parison between single -code displays and dual-code displays showed

~ an overall advantage for the dual-code display s (+11.7 ) on correct respon se

t imes. There was , howeve r , a conside rable amo unt of variability in the data.

I It one extre me , d ig i t s  a r c - reported less quickly in Density 8 dual-code di g i t—

letter displays than in density 8 sinol u- code dii 4 it d isp l ays ( — 1 6 . 3  ) .  At tu ne

I
i 
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other extm - -r ’.- di gits are reported 31.4 percent more quickl y in Density 4 dual -

code digit-sha pe display s than in Density 4 single—code di git displays . An

anal -isi s of variance of these data failed to show any significant treatment

D i scuss i on

Careful examination of the results obtained in E xperiment 1 pe rmit a n uns-

ber o~ conclusions. First , the relative gain or loss associated with color

coding was ne - b-c m very laree . Whenever a re la t ive adv~ m m t o n -  coe -coloe -codin--

exceeded, say . ten percent. it most often occurre d when colo n- coding was used

in ulace o f lette-ra~ or in p lace of di gits m n displays w h i c h  had used both let-

ters and dia ts .  Is t h at case , othe r coding va riables, ‘- . n familia r qeo-- e~’-ic

shapes. w hen - e--” h in ed wi th  let~o rs or wi th dig i t s ,  of ten  led to equally large

gai ’ ms r e l a t i v e  -to the le t te r—di git dual—code condit ion . rh e re lat ive gdin or

loss assoc i a t e d  w i t h  color coding va r ied as a fun-ctioe -n~ task and dependent

‘- sure ; rnla~ ive e ’’ --: t~ ven ess 0ç colo r coding was n en l i a m ble for accuracy

measures ie -a l l  ta n — s  and ~ he-e -response t ime was cons ide rr-d . the e ff ec t  of color

was mu ch smaller ftc identification tasks than ~or searc h an a d l oca te  t a s k s .  The

l a m er relative gain scores associated w t b  color coding oen eral 1 v occurred in

the dua l—co de displays and in t he  hi gher density disp l ays.

Cemo nd l i , comparisons between results from the pr- -s e nt experi -nme nt and ‘he

previously reported s ing le—task experiments showe d that thu c u r b - m ed t a s k s  (with

in1aee-r-rut task uncertainty ) and varia tions in exposure time had m c - diffe rential

effects on the relative gain or loss associated wit u m color coding. Hence , w h ile

tbu ’,~e was often an overall change in performance leve ls between the combined task

and the s ir m c :le ta sk experiments , there was no change in the r e l a t i ve  effect ive-

ness of color coding .
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Third , the data suggest that the subject begins to process the entire

stimulus array as soon as it is presented and before he knows which task he will

be asked to perform. This conclusion is supported by the fact that properties

of the stimulus array have si gnificant effects on choice reaction performance

even though the stimulus array is i rrelevant for that task.

Fourt h , hi ghly practice d subjects demonstrate a stron g tendency not onl y

to process any and all potentially relevant information which is presented to

them , but they also show a very strong tendency to organize and reorganize in-

nuts from t he  display. This ten dency to organize the m nputs is most evident in

the i dentification -memory task and it occurs as a function o~ hete rogeneity of

inputs (i.e. , dual-code displays) and as a function of task demands. In the

fomm er case subjects exhibited a strong tendency to report all the stim uli from

one target code before e-epQr~i~ g those from the other. Which of the two target

coding v rri ables was reparted first seems to vary with task demands. Hence , in

t ’ne rel ativ e ly sin- m p l e single task conditions previously reported. sub4~ cts

n r m n v e d  a tendency to re--poe-t letters and digits before shape s or col ors; in the

p e-esent combined task expe rimen t when the display density was low , sjbjects

t ’’-je-d to report shape s and colors before lntters and dig its; and in the ores- -nt

experi r--en t wb’- density was high , subjects showed no preference or bias for re-

po r+ ‘ ‘ in ar~-y gi -/ en coding di m’ mnnsi o n before another .

‘-S - m m cor rect response tim e data from the identifi ca ti on -memory task also

s upso rt the o’-q u n i z i m iq  tendency which var ies wi th  task demands. Hence , correct

r~- -uct ion ‘l ie s to letters and dig i ts  are only sli ghtly affected by disp lay den-

Sity but . corre-ct r - c - 1, r u se t i mes to shapes and colors are much longer for density

fou r dis pl - mi ~ (where subjects show a preference f o r  reporting those codes f i r s t )

than ts r  d en -it -y eight displays (where subjects exhibit no preference).

I h’ import -am u c e of the iubjects ’ tendency to e m mc ode al l  po t en t i a l l y  relevant



in ftr-’ ration and to organize and reorganize that information is evident in nimi- r-

‘ornuance levels. Hence , performance is usually superior wh en there is a need

and an opportunity for diffe rential organization of input than when there is no

nee d or opportunity for information segregation and reorganizat ion. More

specifically, performance is generally superior ‘or dua l~ ro m e display condi-

tion s th an for si nale-code conditions. Furthermore , the incompatible dual-code

display condition led to better per orniance than the compatible condition . In

the fcc- -ne - - condi tion one set of values from each of the two codipg v-ar ables was

used exclusively ~or one task and the remaining values from -n each code wee-e used

for othe r tasks. Finally, it was genera lly true that color was most usefull y

e mployed as one of the coding var iables ~ there was an opportun i ty or men si re -

---na nt for disting uishing one class of stimuli from anothe r class of stimul i .

EXPER l~-’CST 2: CO~-T-1NED TASK 11

Expe r- i - e n t  2 was desi- :aned to extend the investigation of the relativ e ef-

fect— of color coding to an even ~-ore complex total task than had been used p re-

v iously. t-’n- -eover , the - ondit i ons of this experiment stressed the requiren~nt

for di’fe m t -rntial processing o’ the dual—c ode inputs. The nu- -nb er of tasks was

incre-ased to four by adding a same—di ffe-rent comparison to the three tasks used

in Expe r iment 1 . The comparison task require d the subject to monitor thre e new

single symbol displays , and to indicate as quickly as possib ’e whethe r the sym-

bols which wi-re present were the same or diffe rent. In addit ion to the new

ta s k , the umocessing requi re mrnu - rn t of the total t a s k  was u ncreased by a modi ’ica—

t ion  of ~~~ i be nti fication -mem ory task. In Experimen t i the IDENTIFY reques t

w a s  a lways  a s ignal  for a full report of all of the st imuli in the ma t r i x  d is-

pl ay. In Experi ment . 2 , t he n- me s sage presented in the IDE NT IFY display on dual—

cc dr t r ia ls  could signal all the stimuli were to be reported , cc- that onl y t hose
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from one of the two target code dimensions were to be reported. -

t

Apparatus

Th- onl y change in the system was the addition of three sing le sti mulus  l EE

display units. Those units provided the displays which were used to signal a

comparison trial. They were l ocated in a vertical col umn on the ri ght-ho d

side of the display console and are illustrated in Figure s 3 and 4. llhile the

~u c ni t~- .n displays shown on the ri ght side of the display console were exposed

to the subjects , they were never used in Experiment 2.

The same films were used in the comparison task displays as were used in

a 1l of the other lEE units (except that the IDENTIFY request display had its

own peculia r film). On any given comparison task trial , the subject had to de-

ter m -m e whethe r all three displays contained the same stimuli (e.g., the lette r

C) or if one of the displays had a diffe rent stimulus than the other two (e.g.,

one had the letter C , or the di git 5 , and the other two had the letter K). The

subject was instructed to ind ica te the status of these three disp lays as rapid —

ly as possible by pressing one button i’ they were not al l the same (i.e.. a

“di fe ment b -t to n ) and another (‘ same ) button if they were all the same . The

‘ sam e ” button was a lso the ‘ terminate ” button descri bed ear l ier .  The diffe r-

ent button was newly -added button wh ich was located immediately above the same-

terminate button in the center of the control console.

Twelv e male stu den ts enro l led  a t New Mex i co State Univers i ty were recru ited

to se~ve as subjects in Experiment 2. They were paid a fixed sum per session

for their participation and were also g iven a monetary incentive based upon

their perfor nuance. All subjects were between the age s of 18 and 24 and werL

right handed. In addition , they all had a visua l acuity of at least 20/20 in
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each eye as measu red with a Sne l len  chart  an d norma l colo r v i s i on i n eac h eye as

cetermined by the American Optical -H-R-R Pseudoisochro matic Plates.

The subjects were assigned to one of two groups. The two groups of sub-

jects were scheduled to run i n  four to five daily session s on alternate weeks.

This scheduling system was used to enable optimal use of the facilities and ex-

pL-rinlenters’ time , and to allow at least a minimum degree of counter-balancing

of condition s over successive sessions.

Pro cedure

Practice sessions. Earb subj ec t  was given four weeks of extensive prac-

tice with ce-ch single task ccnd ition in isolation and with the several tasks

combined in a series of discrete trials. The details of the procedures used

‘or presenting these tasks have been fully described in a previous report

(Chris t and m ms c~, 1975). -and in the method section of Exp er im ent 1.

A se rie s of ‘~ct -- liari zot ion trials were run during which each subject w - - s

g iven two d a i l y sessi cns with eac h single task cond it ion . Session s 1 a nd 2

each hod eighteen a-P-trial blocks c-~ choice react ion tr ia 1 s . These choice re-

action ‘rials used onl y the ACKNOWLEDGE display and the six response buttons;

no nate-~x displa y was used. in th ose two sess i ons ea ch ~ + the four  st i m u l u s

codes i-o s used as a tar-net over nine consecutive blocks of trials. Session 3

and ~ -,-ju re used to familiarize the subjects with the s u ng le task search and lo-

cate cond ition . dyer the two sessions each of the four sing le-code displa y

conditions and four of the six dual -cod e display condit ion s were used once each.

One single-code and one dual-code -ondit i on was used in each hal t-sess ion ;

sevr- n -jmr -secu tive blocks of -~ trials were devoted to each display cond iti on .

Session s 5 m c d 6 w i-me devoted to the identification- m em ory task . There were

six :0-trial b1o-~ s - f single-code trials and si ’ 20-trial blocks of dual -code

t r i a l s  per sess ion .

Sess ions 7 throug h 12 completely re~ulic ated the six experi m ental sessions
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of Ex°er~ment 1. As previously described , each session consisted of s ix  s i n g l e -

code , six dual-code compatible. and six duja l -code incompatible block ’ of 30

trials each. Within each block of trials there were 10 choice reaction trials.

10 search mm d l oca t e  trials , and 10 identification-memory trials. F i n a l l y.

Session s 13 thro um i h 11 were practice sessions during which ~he subjec ts were

each given experience with the experimental condit ion s used in  Experiment 2.

Experimental__sessions. Session s 17 through 22 were the data collection

sessions for Experiment 2 . Each trial of these session s began with the onset

of the matri x d isplay fo l lowed after 500 ms by the on set of one of the three-

sm all task request displays or by the three comparison task displays. Over a

series of 48 t r ia ls  eac ° of the four tasks occurred equally often . On the 12

choice reaction t r ia ls time ACKNOWLEDGE display presented a targe t stim ulus

which the subject had to identify as rapidly as possible. On six comparison

tm i a i s the t h ~-ee compa rison displays all contained the same value of a tarr~e5

dimension and nfl the -othe r six comparison t r ia ls one display presente d one

s t i - l m l u s  and t -ae ot ier two presente d a di fferent stimulus. On the cb°ice me-

action and comparison trials the m atrix display contained ~~, 8, and 12 sit iii

equally often . W hile the sanne sing le-code or dual-code stimul i were used in  the

m atri x display as were used in the ACK NO W LEDGE displ ay and in the three compar-

ison di splays , the contents of the matrix display were indepen- lent of the re-

quested response. That is , the subject could i gnore the matrix display since it

was irrelevant.

Search and locate tr ials in Experiment 2 were exactly as they had dccii in

E x p e r i o m u t 1. However . the procedures used for the identi fic a tion-u ’u uammn r y trials

were -e dif ied for the present experi me nt . As in Ex per i m ent .  1 , the i dentifica-

tion-me m ory trials we re initi ,ut e d b y  the onset of the I I i INIT FY display. rhe

c’ ss~uqe FULL in the IC 1’iFY display served -is a s i g n a l  t o report all of the
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stimuli ‘hat were in the matrix display . This full report request was pre-

sented on all single-code identification-memory trials but onl y on one-third of

t h e  dual-code trials. nfl the remaining dual-code trials , the subject wa s g i v e n

a verba l m essage which requested a report of only half the targets in the dis-

play ; onl y the targets in one of the coding dimension s were to be reported on

L u mese p arti al report trials. The verbal messages which si gnal the par t ia l me-

- -~‘ t  tr tm al s e - r -c t h o  words LETTER, D I G I T . SHA PE. or COLOR . de pending upon the

na rt i c u ’ar code com ih r ma tion bein g used during that session Ic tiue dual—code

Se~ S in a given session consisted o’ le t ters and di g i ts,  the - messages T: - LL ,

V TER . a n d  D I G I T  were used mn four trials to signal a full report request. a

1 eY i-r m o o ” r o:uest . and a digit repomt request , respectively.

Te e ~O -u rn duro ’io n o~ the jo int presentation of the matrix and tas i re-

quest dis obev s - m d  the maxim um irtorva l ‘or responding were exactl y as the i

were in E x n  ce nt I. There were always 48 trials in a b loc k o~ trials an d

eac h cc f the four tasks occurred on 12 random l y selecter~~ r~~~~. The onl y re-

s t r i c t i s m n  c - n c te e sequence of conditions cv ’-r trials was that no task and n o  ma-

t n ’  dens ’t-~- condit i rmn could fol low i tse l f  more than twice in a row . Sino le—

code and dial-code disp lay condition s were presented in S~A consecu t iv e blo c ks

~f 48 trials each ; the first block or trials was always a pr ictice bloc k , the

ot h e r  five blocks of trials we re ex peri mn rntal b locks. Onl y th~ compat ible dui l-

code display condition was used in Expe riment . 2 -, there were only 12 blocks of

trials per session. The orde r of occurrence of sing V- -code and dual-code dis-

play condition s was counterbalance d with in and between subjects

Results

Thu data were analyzed separately for each task. Within t- i- ;ks , the abso-

l ute levels of performance were analyzed separate ly for the sing le-code and
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dual-code display conditions. Only ru ne of the twe l ve sub ects who began this

experimental program actually completed all 22 sessions. Consequentl y, on ly

the data frommi those nine subjects will be described be l ow

Ch o i ce React i on Tas k

Accur-vtfy . The number of correct choice reaction trials was determined

ove r the 12 trials iithin a block of trials as a function o~ density, and over

the five blocks of trials within a display condition . The subjects were ve ry

accurate. T h e -v were correct on 95.8 percent of the single -code trial s and 96.7

percent of the dual -code trials. Incorrect responses occurred on fewer than

one percent of the choice reaction tria ls and a failure to respon d during the

1500 nm s respon se interval on only amoci t two percent of the trials.

A n c i l  ~- c s of variance of the correct response data showed that there were no

si qni cicant treatment effects for the sin g le—code d ispla y condit ion . The only

s i - - ~~i’ ica nt r- ’~ e c t 5  found ‘or the dual -code dis play conditions were the main

e’~ ec t o’ code coc ’bi nation , F (5. 40) = 2.57, p < .05 , and the three-wa y inter-

ric t i nn  flf co ic co n nmb in at i on , code s wi thin combination , and density , F( 1 O. 80) =

3-05 , ~ - .01. 1-h i l e  s t atistically si cnoi ’ic ant . both effects were small. T1 ne

accurac y m m -s r inged ‘‘ o n  a low of 94.2 percent for digit targets in a di n i t—

color natri / to a high u~ 98.3 per- :e’mt for letter targets in a letter-shape

di s: - 1 u i .

5 e-( c c n n ~ac t i m)f l tiflie . A im analysis of variance of correct choice reaction

time s ses- ie d no sign ificant et fe cts for the sing le- ide condition and only den —

sity , F(2 , P1-) 4.05, R ~
- .05, si gni ficant fo’ the dual -code condition . The

overall choice reac t ion  time with the single-code condition was 913 ,uis ; for

dual-code displays the reaction time s were 866, 858. a’d 865 ms for densities of

4, 8, an d 12 , respectively.
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Search -and Locate Ths k

Accu racy . T he a c m  i ra y of loc u tion in the search and locate task was quite

high. Th e - number of correct -mo d incorrect respon ses w -ms pooled over the six

t r ials w i th i n each level of densit y per block of t r i a l s ,  and then over the fi ve

blocks c - ~ trials within a display condition Overall , subjects were correct on

about - 92 perce - of the se a- - c h and locate trials; they were incorrect on about

-
~ percent of the t r i a l s , and they fa i led to respond on about 4 percent of th e

~m i al s . den sity n - in s si gnificant at t h e  .01 level for both the sing le-coce ,

F (l . 8) = 18.16 , and the dual-code co nd it ions. F( l , 8) = 12.39. The onl y other

factor whi ch was si gni ficant was Code x Density; for the single-code condition ,

F (3 , 24) 4.58, p < .05 and for the dual-code condition F(5 , 40) = 4.32 .

p < .01.

Jo both display conditions accuracy was higher for Density 4 displays than

enm Density 12 displays: 042 and 89.3 percent respectively for the sin gle -

cc-ce conditio n , and 95 .0 and 91.0 percent for the dual—code condition . For -oth

display condi t ions the interaction o~ code and density resulted from a lack of

code differences when density was four , but si gnificant differences when densi-

v was twelve . Pairwise comparison s showed that for Density 12 , accuracy was

low r -r for single-code color display s than for letter s , dig i ts .  and shares ,  and

a c c u r a c y  was higher for the shape-color and diqit —sha o e dual - c ode disp lays tio n

for 4 h e  other four dual -code condit i ons.

Search and locate tin -ic . The response time for each correct search and lo-

cate trial o f each subject was pooled over tine six trials at each level of den-

sity within eac h tm lock cm~ trials , and then over the five bl ed - s of tr als within

e e C display condition . Those data were used in analyses of variance which

showed that den sity m mm -1  code condition were siqn i fic a n t effects ~on bo th di srla v

conditions. m en i t y  was si c n m im fic a nt at the .01 leve l for s in g le—code d is p la y s ,
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~(1. 8) = 348.41 , an d dual-code dis p lays. F(l , 8) = 467 , 43; code was si gni~-

coot at the .05 level for single-code . [(3 . 24) = 4.47, and dual-code displays ,

F(5, 40) = 2.69. The only other effects w hich  were siqni fic ae-t were the ifl~~1-r-

act ion 0 c code and density fa r  the sinale—code condition . [(3. 2 4 )  = 3.72 ,

95 , and the w i t h i n  code com ibination main effect for the dual—code condi-

ti on , F (l . 8) = 17 91 , p < .01 .

lns n ec tio n of the dot showed that location response tirm was shorter fg1

lensity 4 than density 12 d isplays ~or both single—co de (838 and 977 ms. re-

spectively) and dual -code condition s (820 and 944 ms, respective iyl The cc’d~

main effect in the single -code condition was due to longer reaction tines for

letter tar -m et s than for t he  o ther  three codes and shorten reaction time s for

shape tar-gets than for t b- other three codes. The interaction of code and

density for th e single-code condition was non systernatic. The mai n e~ ° t c-~

code combination was due to lonne m reaction tim - e s for letters and dia its t bmn

~or shapes and colors (906 and 072 ms. me srectively). The form of the relati -an-

shi ps among react i on tin-ic . tam e code s - - ‘  ~ bac kgr ound code s is shown i n Fi g i me

2. ics may be seen , reaction ti - i - is longer ~or the letter-di g i t c o m b i n a t i o n

t han for any othe r dual -code condit ion Jt cay also be seen that reac~ion time s

are l n n - ’ - r for the single-code than the dual -code displays.

dentif ~~~~Ior _Mem ng ry Task

Tcc ur c - The mean number of correct and incorrect (commission error) re-

spo nsr- -~ was determ ined separatel y for each subject by pooling over the trials

wi thin each density and within the ~m ull and partia l report condition s Those

dat . - were then pooled over the five blocks of tria ls within each display c000i-

ti r , m c . Anal yses we re per f nmn ue d separately t or the s ing le—code . the dual—code full

report and ~~~ dual-code par T ial report con ditions. The n unmher of correct re-

port s per c r ial was si qn iV cant ly affected by den sity for e i m h  set of da ta :
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F( l .  8) = 7.42 , p < .05, 27.82, p < .01 , and 12.07 , p < .01 for the single-code

o m m d  dual-code full and partial report cond itions, respectively. The mean number

of correct reports for the sing le-code and the dual-code full and part ial report

condition s ;-ue re 3.8, 3.8, and 1.9 for the Density 4 displays and 5.6 , 6.3. and

3.8 ~on the density 8 displays. Those values correspon d to 95 percent correct

recall for all of the lowe r density mat rices and 70, 79 , and 95 percen t accuracy

thr the h igher dens ity displays. The on ly  si gni fi cant effect for the numbe r of

-ac m e - ct ‘-e pomt da ta was the main eff’-ct r c f code in the sing le_ code condition ,

- ( 3, ?2i ‘V 96 , p : .0 1 . An e x a - i n . t i o n  of the data showed that accuracy was

O tter f-a m di g i t ta r g ets (33.8 ) than for any of the other three single—code

re-nditiOns (76.4 ) .

The-re- were re 1 at iv e - ly few com missi on errors in the ident i f i cat ion-mem o ry

task. The c- r i d e r of co m n m n n i s sion - er--nrc pen tri al far both single -code and dual-

code wh Ol e report cord~ tism ns was -.- °n-jt .IA and .56 for Densi ty  4 and 8 disp lay s ,

reSpec t iv  v .  The n’ummb e- - o~ error response s in the dual -code oar~ial re u o r -~

co’- ditinc n -as esual to .12 icr t ri a l .

-~e~nonSc f - m e .  -~ea n cern -on ce ti- ne c ovr- r a ll correct responses were ~c~ ’-~-

m ined cc c-r - :tel / ~c-r eac h -; -J h7 ect  as a f - j nc t ion  o~ density , code , mo d -~~

m r - n m t ond f c -- n s , An ex anin in a tinr of the overall e~~ects  s c c w - -d ‘ m n ’
t i - m e - S  vari r- - l dS ci fu m icti - a m - at disp lay— report cond itions; grind ce- -

i ion ti m - ic was 810, 712 , -and 900 ins for s ing le —code and O-j .

tial report conditions , respectively.

The O il y Si - m m  I ‘i - mc ’ effect. f o u n d thn con c c -c  ‘ -  -

c ri le con di t ion was tb’ in er - n  ct ion - i t code i m m d -1 -

That effect was shown to be due to be I - ’ - ~

Density 4 C or m d - ion (071 r mms ) r u ( m ~ i v ’  -

t1ne onl y si gnificant f t ‘ c- ‘ ‘a- -

? ~ n~ ~od~- .
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F (l , 8) = 223.05, p .01 were the only significant effects for the dual-code

partial report condition. Mean response times in the partial report condition

were 1023 ms for Density 4 displays and 784 for Density 8 displays. The same

general trend ~;ith code combination s was found in both the full and partial re-

port conditions. Pairwise comparisons showed that the only effects for target

codes in the full report condition was between the two most extreme scores

(letter-shape and di git-color). In the partial report condition the letter-

di git combination had a longer response time than all other dual—code codes ex-

cept the letter-shape combination .

Compa ri son Ta sk

Accu racy . The number of comparison tr ials on which each subject was cor-

rect was summed over the 12 trials within each level of the density , cod e , and

same-d~fferent conditions. A preliminary investi gat ion of those data showed

that the suh~ects were very accurate on the comparison trials; overall , i n each

bloc~ of 12 t rial s , the subjects were correct on 11 .1 trials (93.0 ). made error

r~~,~ nnse s on .53 t ri a l s (4 .il ), and failed to respond on the remaining .37

trials (2.6 ).

Comp~ r~~~nn reaction time. The time required to respond to the onset of the

thre e coripari son displays was pooled over trials as a function of density . code.

and same-different status, se paratel y for each display condition . An analysis

of variance for the sing le-code display condition showed that code , F(3, 24) =

6.31 , p < .fl l , and same-differen c status , F(l , 8) = 5.72, p < .05. were the only

sHn if icant effects. Response time to ‘ same ” trials (897 ms) was faster than

response time to differen t trials (928 ms) and the mean response time to let-

ters , digits , an d shapes (896 ins) was faster than the mean response time to

single-code color displays (963 ms). An analys is of variance of the data from

the dual-code condition showed that only Density x Same-Different Status.
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F(2, 16) = 4.66, p < .05, was significant. An examination of that interaction

effect did not suggest systematic trends in the data ; the shortest response

time was for Densi .ty 4- same ’ tr ials (868 ms) and the longest response time was

for Density 4-”diffc rent ” trials (888 ms).

Di scuss ion

It was expected that the relative effectiveness of color coding might be

greater in Experiment 2 than was the case in the previous combined task study

becau:~ the greater task requirements might enhance the use of color coding.

Ac tual ly, the overall l evels of performance were the same in both experinents.

The results of Experiment 2 showed even less gain from using color coding

than was found in the previous experiment. In the sing le-code conditions, color

either had a negative effect or a negligible effect relative to achromatic

codes. While in Experiment 1 color produced benefits both as a target code and

a background code in the search and l ocate , and the identification-memo ry tasks,

i n Experiment 2 there was a loss in performance with color coding relative to

achromatic coding in the locate task , and neg li g i ble or nonexistent effects for

color in the other three tasks.

rhp failure to find evidence for relative differences with col or might have

been due to: (a) the fact that the subjects were more hinhly trained in E xperi-

merit 2 rniqht have reduced the differences shown by the subjects of Experiment 1;

(t ) color m inht not actually make a large contribution in the types of discrete

tasks situations used here or in the type.~ of d is p la y conf ig urat i ons use d i n

these experiments. Eithe r one or both are possible.
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EXPERIMENT 3: INTEGRATED TASK

The objective of Experimen t 3 was to explore the effects on performance of

a complex information processing task with similarities to activities encoun-

tere d in aircraft piloting and other related operations. The procedures in-

volve d in the experiment permitted an evaluation of both total task effects and

effects on the single tasks previously used.

A multiple display —multiple task system was designed to represent a sim-

plified but realist i c” air traffic control system. There was no i ntenti on of

si mu l ating the specific problems confronting air traffic controllers , ncr the

disp lay-control hardwa re used in the air traffic control environment. As used

~n tn~s experiment , the apparatus system provided several important advantages:

(a) th~ sa me ~‘inds of codino variables that were used in the previous combined

task exper i”’erits were empl oyed; (b) the same tyne s of simple discrete tasks as

; ‘ r ”  usr~d prr~vious1y were emp l oyed as subt,~sks; (c) the coding system included

~ ~ i:~~ of multi-dimensional coding which could assume different values or mean—

~~ as a ‘unc tion of other display or task condition : (d) the overall system

er ’  ~tte~J the integration of the severa l tasks into a complex task so that the

in~”v id ua l subtasks could be viewed as components of the same continuous goal -

oriented task; (e) the overall system produced a problem for the subjects which

was intrinsically motivating.

No formal prediction s were made concerning the results of Experimen t 3. It

was expected , however , that the effects found for the various tasks in the pre-

v iously reported combined tasks experiments would serve as meaningful ba selines

for interp reting the results obtained in the context of this integrated task.

Also , if color is most likely to be most useful in more complex display complex-

task situation s it may prove to be relatively effective in this experiment.

86



Method

~P2a ratus

W ith some modification , the same mult iple display-multiple task hardwa re

system that had been used in the previ ously reported experiments was used in the

present experiment. One set of modification s was concerned with the display con-

sole , another with the control console. Each of these sets of modificatio ns

will be described in this section .

Dispi~ys. All of the display units that were used in Experi ments 1 and 2

.~ere also used in the present experiment. In addition , however , three new dis-

play units were utilized , different stimuli were presented in the displays , and

some new functions (and labels) were allocated to some of the old display units.

The new display units consisted of three banks of RCA Numitron digital

readout displays. Each bank of display s consisted of a horizontal row of three

digital readouts . These three-di git displays were l ocated in a vertical col umn

on the right-hand side of the display console; their locations are illustrated

in Fi gures 3 and 4. As may be seen , each three-di git di splay unit was located

just below one of the lEE single plane readouts that have been previously de-

scri bed as the comparison displays. This arrangement of single lane readouts

and di jital displays was used so that each pair of displays could con vey a dif-

ferent type of information to the subjects. Note , the dig ital informat i on was

oresented and , hence , w ill be discussed in British units of measurement.

The uppermost pair of displays was labeled ALTITUDE , the centrall y located

pa i r was labele d SPEED , and the l owermost pair was labeled HEADING. The three

pairs of displays were desi gned to provide subjects with information concerning

those three types of fl i ght parameters . The single pl ane readout displayed a

stimulus which i dentified a particu lar airplane , the associated digita l di splays

presented the speed , altitude , and heading of that air plane , each in quantita-

tive terms. Taken together , those three pairs of displays were the status
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disp~~ys, i.e., they provided the subject with an airplane ’ s fli ght status .

The other di splays shown in Fi gu res 3 and 4 served the same funct i ons as

they had performed in the previous experiments. The three lEE units arranged

in a vertical column , when presented without the associated digital displays ,

si gnaled a coripari son task for whi ch the subject had to indicate whether or

not all three displays contained the same stimulus. The ACKNOWLEDGE , LOCATE ,

and IDENTIFY displays still si gnaled the occurrence of a choice reaction , a

search and locate , and an identification -memory task , respect ively. Those

pour classes of displays and the corresponding four discrete tasks that they

signaled were exactly as were previously described. Taken together , those four

display units were request dispj~y,,s, i.e., they requested some acti on of the

su bject .

The large center display presented a number of different symbols and, as

before , the subject had to monitor the contents of the large display . The pri-

mary changes in the large display were that (a) it was continuously display ing

anywhere from two to ei ght stimuli and (b) each of the stimul i in the display

move d from one cell to any one of the adjacent cells , or it moved off of the

display. For the present experiment, the large matrix display was designed to

repre sent some air space over which the subje~t was to have some control. Con-

sequentl y, the large matr ix display was an area disp]~1.

The diffe rent symbols presented in the area display were designated as the

“name s” ~~ aircraft “flyin g ” within the gi ven airspace. The subject was to con-

trol the fli ght of these aircraft by monitoring and , when appropri ate , changing

one of the forernentioned flight parameters (altitude , speed, and heading). By

careful manipulation of speed and heading the subject could also control the

location of an aircraft within the four by four ma trix of air space cells.

To facilitate the air traffic control scenario , new films were specifically
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designed to be used in the single plane readout displays. These new films con-

sisted of six different alphanumeric messages, two relativel y large open

squa res , and two rel ativel y large open circles. The alphanumeric messages con-

sisted of a letter—digit combination , the letter always preceding the di git in

a left to ri ght horizontal arrangement. The specific letter -di g it messages

were C2 , C4. N4, N7 , P2 , P7.

The letter-di git comb i n at i ons an d the sha pes we re a l l  centere d i n the pro-

ject i on area . The shapes were decigned such that if a shape and an alphanu-

leric ‘‘n s n:e were both projected at the same time , th e sha pe woul d surroun d

the alp~ in u~eni c messa çe. Two ins tdn ces of each shape were used so that they

cou ld be co 1 nr coded; i.e., c e  circ e and one square could be projected as a

red shape ‘nd the othe r circle and ~~uare c~uld be prnjected as a green shape.

The rr~~ected m ight o~ t~~ a i p h~ n~ ’ cric messages was 0.250 inche s (0.46 cm).

The pro ected circles had a diame ’r of 0.75 inche s (1.90 cm ) and the squares

had hei ght and width of 0.66 in c h e s  (1.fdi cm). Color coding was accomplished

th rounh the use of Roscolene color fil ter s . The filters used to produce the

red and 9re~ r code s correspon d ~o the manufac~~rers film numbers 821 and 871 ,

re~~ect~v ci v.

~‘ith th e except 4 on of thp In~~ T:rY display, the same film was used in all

of the ![E readouts. The 16 readouts in the area display used al l six alpha-

r !ur Ie r c messages and the shape s which circumscribed the letter-digit messages:

eithe r both shapes in white (shape code), one sha’~e in each of two different

colo rs (color code), or both shapes in each of two diffe rent colors (shape-color

code). The three comparison displays , the LOCATE display, an d ‘he ACKNOWLEDGE

display each used only the six alphanumeric messages. The fi lm used in the

IDENTI FY display was designed to project one of three differen t messages for

this experiment: the two-letter combination “CN” , the s i n gle le t ter  “P’ . and

29
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the single di g it “4” .

comtrels. All of the respon se units that were empl oyed in the previous

experiments were also used in Experiment 3. The ~ix lEE displays and associ-

ated button s in the uppc r ri ght-hand corner of the control console were used

to identify the single ta rget in the cho i ce reaction task and the multiple tar-

gets in the identification -memory task. The standard arrangement of target-to-

button mapp ing was from left to rig ht, top to bottom row: C2 , N4, P2 . C4 , N7 ,

and P7. The four location indi cator buttons in the l ower left corner of the

control consol e were used to specify the location (quadrant) of a target air-

craft in the area display. The “di fferent” button and the combined “same-

terHoato ’ button located in the l ower center part of the console were used to

respond to t’c compa r4 son task and to terminate an identification -memory re-

soonse interval.

The ~ew controls consisted of a multiple function keyboard with an asso-

ciated light -t n tting diode digital display and three buttons arranged in a

horizontal row i r’riediately be l ow the keyboard. These controls and the asso-

ciated d i ci tal display were centere d in the control console. They are i llus-

trated in inure s 3 and 4. The small di g ital display is located directly above

the keyboard . ‘British units of measurement were used for the keyboard entries.)

The mul iple function keyboard consisted of 12 button s arranged in a four

row by three col umn matrix. The digits 1 through 9 were associated with and

used as a l abel on the fi rst n i ne b utton s arran ged le ft to r ig ht and to p to bot-

tom. Thn fourth row of buttons was used to initiate a clear the keyboard func-

tion , to d~signate the digit zero , and to initiate an enter function . Those

th ree button s were la bele d CL , 0, an d ENT , respectively. The numeri c data en-

tered on the keyboard were displayed in the small digital display above the key-

board. Pus hing the CL button erased the numeric data previously entered on the
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keyboard. Pushing the ENT button caused the data previously entered on the key-

boa rd to be fed to the PDP8/e minicomputer. Pressing either the CL or the ENT

button caused the di gital display to go blank.

The function of the keyboard . i.e., the meaning of the n umeric data en-

tered on the keyboard , was determined by the three horizontally arranged but-

tons located ‘d ow the keyboard. Those buttons were labeled, from left to

ri ght , as ~~1lows : “A’ to desi gnate the altitude function ; “~~
“ to designate

the speed fun ction ; and “H” to designate the heading function .

In addi~ ion to the hardware modification s just noted , several software

modification c were introduced which affected the functions served by some of

the con rc~s previously employed. The six target identification button s were

used also :o obtai i det ailed quantitative fli ght status information for a par-

ticula r aircraft in the area display and to indicate which aircraft ’ s altitude

speed , or heading would be affected by the multiple function keyboa rd data . In

addition to those new functions assigned to the target identification buttons ,

a second function was assigned to the “diffe rent’ comparis on button . That new

funct i on , ca l le d LAND , if initiated by cressing the button under the appropri-

ate set of circ j”stances , would cause an aircra ft shown in the area display to

land.

Subjec ts

The same set of nine male subjects was used in Experiment 3 as had been in

Experiment 2. As before , they were paid a fixed sum per experimental session

for their participation and were also given nonetary incentives designed to max-

im ize their levels of performance . The subjects were assigned to one of two

groups primarily on the basis of scheduling con venience. However , some ef fort

was made to match the subjects in the two groups on the basis of data from the

previous experiment. The two groups were scheduled to partici pate in four
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da i ly sess i ons on a lternate weeks .

In~~~~a lTa ~~s

The integrated tasks were presented within airc raft control scenarios .

The se sc’narios or runs were designed to be five minutes in duration . During

a five minute run , the su bject could  encounter  onl y the a i rcra ft con trol prob-

lem , or he could encounter the aircraft control problem and a series of re-

quests tn perform simple discrete tasks.

The aircraft control problem was run essentially as a continuous background

W~ on a run was initiated it began with an aircraft control problem and

~‘ob le” was before the subject except when a response was requested for

one of the discrete tasks. Each of the four discrete tasks occurred three times

in each run . The orde r in which the discrete tasks occurred wis random with the

rc stric ~ i On tb~~ r ’~ d scr~r’te task could occur more than twi ce in succession .

The ti~ f’ ~ntn rv ~ l between the discrete tasks ranged from 10 to 40 secon ds , w i th

a can in te r~ inte rv~ i of 20 seconds . The sequence of tasks , the specific

reque ’~t ‘ado when a tisk was initiated , and the time inte rvals between tasks

were a ll :~rodeternined in the construction of a scenario. When a discrete task

was ini~ ia ted the a i rcr a ft control problem was ef fect ively frozen until the

task had been terminated.

Since each of the discrete tasks have been fully described in connection

with Experiments 1 and 2, only a brief descriptio n will be given of their char-

acteristics in the present experiment. The choice reaction task was initiated

whenever a letter-di git aircraft label was presented in the ACKNOWLEDGE request

display. The subject had to acknowledge the presence of this target aircra ft

by identif ying it within three seconds of the onset of the ACKNOWLEDGE requests.

When the comparison task was initiated any lighted Numitron s were turned off

an d three predeterm ined alphanumeric messages were presented in the three lEE
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status displays. The three messages were all identical , or one of th em was

diffe rent from the other two. The subject had to determine that a comparison

trial was in progress and indicate whether or not the three messages were

i dentical by pressing either the “ same ” or “different” button . The searc h and

locate task was initiated whenever one of the alphanumeric messages correspond-

ing to an aircraft on the area display was presented in the LO 1~ATE request dis-

play. The subject had to search for and indicate the location of the desi g-

nated aircraft by pressing the appropriate location (quadrant) button . Each of

the three tasks caused the aircraft control proble m (i .e., the contents of the

area display) to “freeze” for three seconds or unt il the subject responded,

whichever occurred first.

The identification —memory task was sionall ed by the presentation of a mes-

sage ~ ‘i the I’~[’~TIFY request dis play and by the simultaneous of f set of the area

display. Hence , the subject was required to identif y all or a selected Dort ion

o~ ~he ite ’~is on the area display from memo ry . The message presented in the

“ reci iest display was one of three , as fol lows : (a ) CN’ was a request

‘or thr subjncf ~o identif y only those aircraft whose labe l included the let ter

C or (b) ‘P’ was a renJost for the suh~ect to iden t i fy only those aircraft

whose labe 1 included the letter fl~ (c) ‘4 was a request for the subject to

identif y all the aircraft which were on the area dis play at the time the re-

quest was initiated. The duration of an identify task , and hence the interval

durin n which the area display was blank and during which the subject could re-

spon d , was a function of the numbe r of aircraft on the area display. A maximum

of 1000 m s per aircraft was allowed for an i dentification-memory trial. The

trial terminated when the maximum allowable time had elapsed or when the subject

pushe d the terminate button , whichever occurred first .

Ai rc raft control. When an airc raft control run was initiated , two to four
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of the C or N a i rcraf t  (which were under the subject ’ s control)  and zero to

tour P a i rc ra f t  (which were unde r computer contro l )  appeare d on the ac~a d i s-

pl~ y .  The numbe r of aircraf t in the area dis play, their initial location ,

headin c . speed, and altitude (expressed in British units of me asureme nt ) wer~ all

predete rm irii rl and we re specified in the construction of a scenario.

The P aircra ft we re the “computer ’ s aircraft . and could not be examined ,

contro ’led or interfered wit~i in any way by the subject. The prima ry function

uf thnn~ ,~i~ cr a ff was to increase the density of the area disp lay ~nd to add

san e d;’~a’iic ‘wise to that display. The ° aircraft also served as t,jr~’~ts in

the discrete t ’sk s. The computer program would m aintain up t0 four P aircraft ,

th eir v’~1o c iti es were constant throug hout a run but once they ran off the area

displ a, . thei r headings and location s were randon’4 zed for their reappearance .

Once set in otion they go their own way un til they run off the are a display .

The C nh N aircr a ft could be presented as only alpha n um eric messages. or

with a ’titude and /or velocity status coding (i.e. , area status coding). Alti-

tude or altitude and veloc i ty was code d onto the area display by the shape which

surrounded ~he alphanumeri c message and/or by the color of the shape which sur—

rou”ded the alphanumeric message . If the altitude of an aircra ft was greater

than or equa l to 10,000 fee4 , the alphanume ric message was surrounded by a

white circle c r  by a red shape. If the altitude o~ an aircraft were less than

10,000 feet, the alphanumeric message was surrounded by a white square or by a

oreen shape . If both altitude and shape were coded onto the area display ,

either shape or color coding was used to designate hi gh and low altitude . Which-

ever code .~ac not used to designate altitude “as used to desi gnate speed. A

squa re or green shape desi gnated an aircra . r t traveling at 400 or more miles per

hour (ph ) and a circle or a red shape desi gnated a speed of 350 mph or less.

It was, therefore , possible to present the C and N aircra ft in any one of five
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formats: (1) a unidimensiona l forma t in which only the aircra tt ’ s identif ying

alp hanui:e ri c name was presented on the area display; (2) and (3) two dimension-

al forma ts in which the aircraft ’ s identi f y ing name and its altitude (the lat-

ten code d hv color and shape , respectively) we re presented a the area display ;

(4) and (5) three dimensional formats in which the aircra ft ’ s iden t if ii n 2 name

and i ts a l t i t ude  and speed (coded by color and shape or shape and color , re-

s pec t i ve l y )  were presented in the area display.

F l i a i t  a rameters. The “rul es ’ f ar the three fli c k~ pa r a n t r~ are as

‘1)1 1

(1) A l titude “at a were handled in 100—foot increments; e .g . .  if the alti-

tude statuc display read 102 , tie altitude of the a i rcraft was 100 x 100 or

10 ,000 feet. “in im un a ’1 w1 ble altit u d e was displaye d as 005 (500 feet); max—

i lurn a il nwa Ole ~~~~~~~~~ u ~ o (35 .22° ~~~~~ f~n aircra ft ch own an the area

di sp 1 ay w~~ch was dir i’ct ed to  an altit ud e over or unde r these limits crashed.

(2 )  Spee ’ da 4 a ..Q i r e  noo d led in 52 ‘“ile per hour increments. Data entere d

~~~~ the suojoct were n unded to the nt ’-nst lowest 50 mph r’ iulitple; e . g . ,  an

t ’nt~ v o~ 27 ’ “ph was trarslated to 2~ O w i~ b~n the co m puter ‘a roc ra (althoug h

~be st ‘ us biu p la c showed tue 27 2 w h i ch bad been entered). The mi nimum allow-

ab ’e v el oci t / was 100 :b; m axim um was 650 ‘m~h. If an aircra~ t on the area

di s ’a la~ was di recto d to a speed which exceede d those limits , it would crash .

The ve loc i ty  rounded to the neare s t lowest 50 mph multi ple was used to det ennine

~~w long an a i rc r a f t  rema ined in one location (one ce l l )  on the area display.

The exposure time per cell was compute d on the assumpt ion that an aircraft had

to travel a distance of one mile to traverse a cell. The time intervals en-

counter~d ranged from 5.5 seconds (650 mph) to 36 seco nds (100 mph).

(3) leading was handled in 45 degree increments. Data entere d by the ‘ ub-

oct were rounded off to the nearest 45 degrees , although the status display
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showe d the actual data entere d by the subject . If a heading greater than 360

degrees wa entere d it was ignored.

5ta t u s reqyest. The subject could request the exact  quant i tat ive stat us

of any of h i s control lable aircraft by pressing the appropriate ident i f icat ion

S ut t o n .  hence , if the ‘wtton  for , say , airc raft C2 were pushed, the three lEE

s~ nt us di sm l a vs woul d all present the message “C2 ’ and the Numitr on displays

w o u ld present the current decima l value s of altitude , speed. and heading. A

req uest t0r u 4 a t us  identif ied which aircraft  the subject was interest~d in , and

ny  r a n e e in fl i ght parameters was considered to be f or the a i rc ra f t  selected

Si  4 be Thst status request.

C ;n n i n e fli~ght pa raneters . F l i ght parameters were changed by press ina one

of the ‘cone-to ” buttons located under the keyboa rd to indicate which paro oter

- -  a l ti ~ , ‘
~~ , speed , or heading —- to change , then entering the new va lue in t o

~be ~ey °oard . When the keyboard enter button was pressed, the computer p ro-

qrar mO On t o e required changes in the selected aircraft ’ s status.  If those

cba ’ qcs af°ected the area status code , the area status code was changed appro-

‘ariate l , (e .g . ,  if a new altitude caused the color code to change fron’ red to

ernen , the change was ma de).

Lao a c .  Landing a C or N aircraft was accomplished by maneu-

vc’ring the aircraft into the proper combination of flight parameters and then

pres sina the LAN D button. The prope r set of conditions which had to be satis-

f ied in order to land successful ly were the follow ing: the airc raft had to be

at an a lt i t ude  of 005 (500 feet) ;  it had to be at a velocity of 100 (100 mph);

it had to be in one of the four center cel ls  of the are a display; and it had to

be on a heading which directed it towa rd the center of the area display (the

land ing st r ip was assume d to be an X-shape located exactly in the cente r of the J

area displ ay). If the~e criteria were met , succ ess ful lan di ng was indi cated as
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fol l ows: a) the aircraft disappeare d from the area display and b) the status

display Nu ’iitron s showed all zeros for that aircraft .

Aircraft crashes. A crash was indicated when (a) the aircraft disappeare d

from the are,i di splay and (b) the status Numitr on s were nu led (off) for that

aircra 4t Crashe s occured under the following circumstances:

(1) ~n unsatisfi ed landing criterion

(2 \n altitude entered at less than 500 feet or more than 35,000 feet

(3 )  ~ velocity entere d of less than 100 mph or more than 650 mph

(4) ‘ be aircro~ t was allowed to fly off the area d s p ’ay

(Y A mi dair collision occurred

A ml d~~i r collision could orcur only among two or mo re C or N rircraft ; a

col l is i ’n ccul d not aecur betwern a P and a C or ~ a i rcra f t  nor could two or

ore ° O i r c a ’ t  col l ide . ~f all C and N airc raft are landed and/or allowed

to crash t ie pro aram ten ’ nated.

l nteoratod tas. scendrio~~ene ra t i on . Forty aircraft con t rol-discrete task

runs were gen e rated by constructing a set of four runs for each of the ten com-

S nat io ns  of ai n cro t forme d by crossing zero to four P a ircraft  with two or

ftnjr C or d ~ aircraft .  The resulting runs had densities wh ich varied from 2 to

6 f t r  ,m cn ”t r nl l ab le aircraft and from c to 8 for four controllable aircraft.

Air cra t were randomly assianed to runs with the restriction that each of the

four contro l lab le  aircra ft would occur equally often within each set of four

runs. 1he in i tial location of all aircraft were limi ted to the outside 12 cells

of the area display ; no more than one aircraft could occupy the same cell at

4be beginning of a run . The only restriction placed upon initial heatt ing s was

that the in i tial move ma de by an aircra ft would not take it off the area dis-

play. When altitudes and speed were dichotomized around 10 ,000 feet and 350-

400 mph , respective ly, four combina t ion s o f h i gh and low , fast and slow aircraft
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could be cr ’i t e d. Each of these four combinations had to occur at least once

in each set of four runs and eac h had to occur on ce in eac h individual run when

t h~re were four controllable aircra ft .

E~ cb of the four discrete tasks occurre d three time s in each sequence .

T he tOree compar i son  task trials were constructed so there would be two “ same ”

compari on trials and one “different” trial. Each of three type s of identif i-

cation 50s k occurred once in each run ; a whole report , a CN aircraft pa rtial

repc r~ . rd a P aircraft  partial report each occurred in each run.

‘en toroet whose position was requested in the searc h and locate ~~~ had

to appear once and only once in the area display . Consequently . if a ontro l-

lable a i rc raf t  was in i t ia l ly  des icinated to be a target and if that airc raft had

c ras h Cd or landed , the computer program would randomly select a controllable

a ircr o ’ ~~at was on the area display to be used as a target. Al so, computer

con~ rol 1 ed P aircraft wk ’i c h were designated as occurring more than one time

could n c t be designated as a ta rget in the search and locate task.  The cho ice

react ion s k could have any of the six possible a irc ra ft names usec as a tar-

ae~ ; the cho ice reaction target could be on or off the area display .

,;~ T e tareet~ were randomly assigned to each task , an at~ e ’pt was made to

assure th at each aircraft occurred onl y once per t isk per run and tha i over suc-

cessive run s the various parameters of the ta rget (e.g.. the position of the

diff erent target in a comparison display) were balanced over all possible values.

Procedure

Pract i ce w i t h  the new t ar~je t messa~es. Two sessions were devoted to tamil-

iarizing the subjects with the new films ; and, more part i cularly, with the six

letter-d ig it combination s which were used as targets in Experiment 3. During

the first session each subject was given 12 blocks of 30 trials each from those

described and used in Expe riment 1. The secon d session consisted of 12 blocks
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of 48 t r ia ls  each as descri bed and used in Experiment 2. Conseq uently, each

4 subject obtained some pract ice using the new target stimuli and their associ-

ated responses. More specificall y, each subject received 528 trials of prac-

tice us ina the new targets in each of the choice reaction , sea rch and  l ocate ,

and identification -memory tasks and 144 trials of practice in the comparison

task.  The deta i ls  of the procedure s use d dur ing Sessions 1 and 2 is given in

the method sections of Experiments 1 and 2, respectively.

Pract ice with the  a i r c r a ft control _problem. To introduce t he new inte-

arated task to the subjects , each subject was required to participate in one

session of 17 runs and three additional session s of 12 runs each. During each

of thene four session s , the subjects were instructed to land as many of the

aircr a~ ’ as ~rey could in a fou r_m i n ute tine interval. The discrete tasks and

tbe are a display statu s codin a were not. used in any of those practice sessions.

The general procedure during each of these sessions was to begin the session

w i t h  the easiest  runs (~ ios e w i th  only two control lable aircraft  and relat ively

few nc u rso nt ro l l ab l e  a i rc ra f t ) ,  and aradua ’ly ‘a rogress to more d i f f icu l t  runs

during the session . Subjects were give n considerable feedback during the first

two sess ions .  Py the third and fourth sess i ons feedback concerning overall per-

formance levels was prov ided onl y durin a the 5-minute rest period given halfway

through each session . At the end of the fourt h session al l  subjects were land-

m y  at least two of the four controllable aircraft present in the test runs.

Each subject participat ed in a fifth pract ice session that did not contain any

discrete tasks. During the first 6 runs of °ractice Session 5, the subjects

were inst i cted to land as many aircraft as rapidl y as possible. Then , after a

five-minute rest period the subjects were given 6 additional runs of 5-minute

durati cos , with the instruction to keep all of the aircraft fly ing for the total

duration of the sequence . The subjects were put on an incent ive system beginning

— 
99



wi th the secon d half of Session 5. To encourage maximum levels of perfonnance ,

the subjects were promised a 5-cent bonus for each airc raft still fly ing at

the end of each run , no bonus for aircraft that had been landed, and they lost

5 cents for any aircraft that crashed or was otherwi se lost.

~~pert ntal~~~~sj9ns. During each experimental session the only i nde pen-

dent variables (ether than successive runs) were the numbers of controllable

and uncontrollable airc raft and, consequently, the total  dens i ty of a i rcra ft on

the arc’ ’ display. Over three successive blocks of sessions, the number of cod-

ing di iensions used in the area display was varied. More specifically, one ,

two , or thre e dimension s were used ove r three successive blocks of session s

rep rnsentinn alphan umeric labels only, the aircraft labels pl us area display

alt it i do ,tatu s coding, and the aircraft labels plus area display altitude and

speed statu s coding, respect i vely. The type of code used for each status code ,

color for al t i tude and shape for speed or vice versa , was used as a between-

suh~ ncts variable.

Pur i ny  the f i rst  block of sessions , c a l l e d  Phase 0 , bot h c roups of sub —

4es t s par f icip ated in three sessions of seven five-minute runs each , for a to-

tal  of 21 runs. No area status information was presented on the area display

dur in a any of tho se runs, the status information concerning altitude and speed

was only ava ilabl e on the Numi tron displays. The a i rcra ft con trol p rob l em i n

each of these , and a l l  su bsequen t runs , was interru pted twelve t imes by re quests

to uer~orm the discrete tasks , as p reviousl y descr ib ed. The i niti al run in

each session was designated a practice run . The practice runs always had two

controllable aircraft and no noncontro llable aircraft . Liuring the first se-

quence all runs began with four controllable aircraft ; the first three experi-

mental runs had no P aircraft , the fourth run had two P aircra ft , and the fifth

and six th runs had four P aircraft . During the second and third session of
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I
$ Phase 0, the fi rst three experimental runs had two contr ollable aircraft , the

last three runs had four controllable aircraft. The number of noncontrollable

aircraft successivel y, was 2. 3, and 4 within each half of the session .

The secon d block of sessions , ca lled Phase 1. was devoted to runs which

pre sented altitude status on the area display. For one group of subjects alti-

tude information was coded on the area display by a circle or a square which

surro un ded the controllable aircraft ’ s identif ying alphanumeric label; the cir-

cle m d i  ~ted that aircraft was above 10 ,000 feet , the square that it was below

10 ,000 feet. For the other group of subjects altitude information was coded by

color. One-half the subjects in this group had the altitude information pre-

sented in a colored circle; the other hal f had altitude coded by a colored

quare . i Or both groups , the col or of the surrounding shape was red if that

aricra c s was below 10 ,000 feet and green if tha t a i rcra ft was at or above

10,000 feet. In addition to this area status display for altitude , more spe-

ci 4ic information concerning altitude , speed , and heading were st~ll ava i la b le ,

i f requestoe . from the Numitron displays. Note that no altitude information of

any ki n d was ava i la b le for the noncon tr o l l a b le P a i rcra ft .

Both groups of subjects participated in three trainin o sessions of seven

five -minute runs. The number of controllable aircraft was two for the first

three e’per i’aental run s in each training session and four for the last three

experimental runs in each training session ; the number of noncontrollable air-

craft increased from 2 to 3 to 4 within each half of each session . After com-

pletion of those three training sessions , each subject participated in a fourth

session which had two experimental runs of the type just described where alti-

tude status was presented on the area display and then four additional experi-

men tal runs which had no area status information . Hence , dur ing that fourt h

session data were obtained on the subject ’s leve l of performance in the Pha se 1
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type run s an in the tmhase 0 type runs; the Phase 1 run s were criteri on runs

and the Phase 0 runs were con t ro l runs. The number of control lable aircraft

was four for all ~he runs in Session 4. The number of noncontrollable aircraft

was three during the two Phase 1 criter on runs and during the first two Pha~o

O cont~’o1 runs; there were four noncontro l lable aircraft  during the last two

Phase 0 con t rol runs. hence , if nonc ontrollable aircra ft affect ~he diff icu 1~y

of the inte qrated task runs. the Phase 0 control runs were l ore d if f i cu lt  than

the Phase 1 cri terion runs.

‘The third block o~ session s in Experiment 3 were ca l led abase 2 session s .

Thes e session s we re devoted to runs which presented both altitude and speed

status on the area disp lay. The group of subjects who previously had a l t i tude

coded by shape still bad alt i tude coded by shape but now also had spee d coded

sy color . For that group the shape which desi gnated the altitude of the ai r —

cr~~ w o s colo red red if the aircraft was t ravel ing at a speed equal to or

l ess tbo n 350 mph and green if the speed was greater than 400 mph. The other

aroup c ’ subjects who previously had alt i tude code d by the color of a shape

still had altitude coded by color but now also had speed coded by shape. For

“‘is second group the circumscribing shape was a c ircle if the a i rcraf t  was

‘ r ,~vel jnq at a speed equal to or less than 350 mph and a square if the speed

was greater than 4C’O mph.

C ot h  groups of subjects pa rticipated in three session s of seven five-minute

r u n s  during Phase 2 which were essent ial ly the same as the initial three ses -

sions of Phase 1. The only differences in the initial three sessions between

Phase 1 and Phase 2 were the number of status codes presented in the area dis-

pla y and the precise parameters assigned to aircraft at the initiati on of each

run . The fourth session of the Phase 2 block of sequences consisted of four ex-

perimental runs with both altitude and speed status coded on the area display
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I
( just as w is true for the pre ceding three sessions) and then four addi t ional

run s during which there was rio a rea s ta tu s information . Hence , during Session

4 of Phase 2 data were obtained on performance levels in Pha se 2 cri terion runs

and on performance levels in the Phase 0 control runs.

The n u m b e r  of controllable aircra ft was two during the first two Phase 2

cr i ter ion run s and four during the last two Phase 2 cr i terion run s and during

all tour ‘base 0 contro l runs. The numbe r of noncontrollable aircraft was 2,

4 . 3, and 4 , for the Phase 2 criterion runs; three noncontro llable aircraft

were used in the first two Phase 0 control runs and four in the last two Phase

O con trol runs. Hence , if the numbers of controllable and noncontrollable air-

craft affect overall integrated task complexity , the Phase 0 contro l run s were

more complex than the Phase 2 criterion runs.

To supplement the objective data that were obtained over the preceding ex-

perimental sessions , each subject was interrogated when he completed the last

sess i on . The interrogation was con cerned with det~~miining the subject’ s

thoughts about and possible preferences for the coding variab l es they bad ex-

perienced.

Resul ts

Only six of the nine subjects who began Experiment 3 participated in all

of the practice and experimental sessions. Three of those six were from Group

A which had altitude status color coded and speed status shape coded in the area

display; the other three subjects were from Group B which had those coding con-

ditions reversed. The results which are reported in this section will be based

exclus ively upon the performance measures obtained from those six subjects.

The only measure of performance analyzed from the aircra ft control problem

was the count of the number of aircraft flying at the end of each run . Those

data were sunined over the six runs in each of Session s 1-3 for each phase of the
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expe riment  and converted into percentage scores; i.e., the percenta ge of a l l

controll able aircraft which were present at the initi ation of each run which

.~ere sti l l  present (fl ying) at the end of the run. Similar data manipulation

was done for the aircraft control measure s obtained in the criterion and con-

trol trials in the fourth session of Phases 1 and 2.

There were three measure s of performance derived from each of the follow-

inn discrete tasks: choice reaction , searc h and loca te , comparison . Those

measures were ba sed upon the number of times each task request was responded to

per r n , the numb er of ccrrect responses per run , an d the  react i on tim e of each

correct response per run . Those measures were pooled over the respective task

reouc s’s pc” “on and then over the six runs per session . The resultant data

we re “‘ percent trials respon ded to, the percentage of responses which were

and the rnea correct response time for each of the three discrete

tasks pe’~ eac h sess i on in ‘Thases 0, 1 , and 2.

The ide ntification -memory task results were handled separatel y for each of

tar tnree tyP es o f roe’ ’ sts. On each run , the ti me to beg in a multiple target

report sequence , the num ber of co rrect res ponses , and the mean res ponse t ime

pooled ~ver all correct responses was determined for the full report , the par-

tial report of centro llable aircraft ,and the partial report of noncontro llable

aircr a 1
~ . Those measure s were subsequentl y pooled over the six runs per session

for each of Sessicns 1-3 in each phase. T he re su l t s  were the mean n umb er of

corre ct re por ts per r un , th e mean t ime to make the fi rst response per run, and

the overall mean corr ect res ponse t ime pe r run . In a ddi t i on . t hose same meas-

urements were pooled over the criterion and the control runs in the fourt h ses-

sion of Phases I and 2.

Pre-cr i ten on Train in~ Performance

The data for each task were examine d as a function of the first three
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I
trai nin ~ session s per phase , separately for each phase and group. The result —

ing 3x3x 2 factor ia l  desi gn was used in anal yse s of var iance, separately for

each task and measure .

No s igni f icant  treatmen t effects we re found for the a i rcraf t  contro l prob-

lem. Pooled overall conditions , 84.1 percent of the airc raft initiall y pre-

sented were still flying at the end of a run . Significant main effects for

training session s we re foun d at the .05 level or better for only the fol low ing

tasks and measures: for the choice reaction task , percent respon ded. F ( 2 , 8) =

13.77 , and percent correct. F(2. 8) 23.70; for the locate task. percent re-

spon ded , F(2 , 8) = 16.96 ; for the comparison task. percent responded. F(2, 8) =

6.36, and percent correct , F(2 . 8~ = 6.36 . Those results suggest that the sub-

iects Sec, i ’ne  increasing l y proficien t in noting the presence of a request and in

correct li resnonding to tha t ret’ es t wit h in and across all phases of the exper-

i ’e n t  w hen those requests signaled a ch oi ce reaction , search and l ocate , and

compariso n tas k . There was no overall e~ ftct of tra~ni n g session on the identi—

f~cation — ne’ory task .

There were indi c~~ions that the effects of training were not equal for the

di~~erent phas es ~ the experiment and for the two groups of subjects. Inter-

act i on effects Le~ween session and phase were only found for accuracy measure s

and then only for the sea rch and locate task r(4, 16) = 5.42. the comparison

task , F(4, 16) = 6.57 , the partial report of controllable aircraft , F(4, 16) =

5.21 ,and the partial report of uncontrollable aircraft , F(4, 16) 3.01 . Three

way interac tions amon g session , phase , an d grou p were found for onl y the accu-

T racy data for the l ocate task , F(4, 16) = 3.20, an d for the comparison task ,

F(4, 16) = 3.67. Generally, these effects showed that while accuracy on the

first session of each phase increased from Pha se 0 through Phase 2, and while

the re may have been difference s between the two groups early in training for
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each t 0i, se, ~he effects were eliminated or at least greatly attenuated by the

last session of each phase. The main effect of phase and one interaction be-

tween phase and group that were foun d to be si gnificant were not pursued since

the genera l levels of i mproved accuracy tha t those effects showed were not pos-

sible to fully interpret since phase was completely confounded with ove rall

levels of training in Experiment 3.

The major conclusion that could be drawn from the analyses of pre -criter—

i 0~ levels of performance is that with the exception of an overall effect n~

train~ nq on accuracy , the data were all surprisinaly homogene ous. No ef~ects

were found for the reaction t ime measures. More specifically , the amount o~

infor m ation presen t in the area display did not aid the subjects in the air-

craft control problem nor did it unburden the subjects so that they could im-

prove th e i r performance in the discrete tasks. Furthermore , wh ile there was a

nen°ra l tendency for subjects in Group A to out pe rform subjects in Group B

t hat ef f ect was never sianifi cant and the trend also existed during P hase 0 i n

which the experimental treatment was the same for both groups.

Criter i on Per for mance

The results which were obtained in the fourt h session of Phase 1 and 2 were

as~ ur’ed to be the most valid measures o~ the effects of coding in the integra ted

t a sk displays. In those sessions we have neasure s of performance for each task

which show the effects of one and two levels of shape and color coding which

are not con foun ded with training effects.

Figure 13 illustrates the nature of the effects that are obtained from

these criterion sessions. That figure shows the percentage of aircra ft that are

flying at the end of a run as a function of the phase of the experiment, sep-

arately for criterion trials and contro l trials. Those results are poole d ove r

the group effect which was not si gnificant for these da ta . Recall that onl y
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I Figure 13. Percentage of initially present aircra ft on the area

di spla y at the end of a run i n Ex peri ment 3 as a
function of phase and criterion vs. control tria l s.
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altit ude was coded during the criter ion trials of Phase 1 and both altitude

nd speed were  coded during the criterion trials of Phase 2. There was no

status coding in the area displays for the con t rol trials of either phase ;

prac t i ce  is the only treatment effect for the control trials.

in analysis of the data that are summarized in Fi gure 13 showe d that  there

was n overall treatment effect on the aircra ft control problem. F(3, 12) =

15.50 . P < .01 . Paire d compari son tests showed that in Phase 1 the subjects

aerfo r e d  better in the aircraft contro l problem during the control trials than

in the trials which used color or shape to code the altitude of controllable

aircr a~~ . Fu”the rmore , while aircraft control performance increases si i r ifi _

~an tl y d r ~~nq coth cri t erion and control trials between Phase 1 and Phase 2 ,

t n r~re was no diffe rence in performance between the control trials and the rn-

~~‘~~ ‘ ‘  ~“ials in Phase 2. In conclusio n , then , the data in Fiqur n 13 show that

air craft control perfo rmance is either no better or worse if shapes and/or

colors are introduced as redundant cue s for determininq the ~ l i qbt stat s of

oi ’ :  r ’ . The change in performance which accompa nies the add iti on of a second

rp(~~fl~~’n ’ codin a varia b le in Phase 2 appeare d to be as ‘ uch due ~o practice ef-

~e c ts  as ‘o any effect of coding per se.

‘~ffects of phase or criterion vs. control condition s were found for the

accuraci data derived from the choi ce reaction , search and locate , or the corn-

nar ison ‘asks. However , correct response time was shown to be affected by the

cri t e r i o n vs. control condition s in Phase 1 of the search and locate and the

cor’ r,anison tasks, F(3, 12) = 8.27 and 7.87, p < .01 in each case. ‘hese resul ts

are shown in Figure 14 along with comparable results for the choice reaction

tat k . Figure 14 shows mean correct response time as a function of pha se and

criterion vs. control trials separately for each of those three tasks. The

figure indicates that reaction times in the search and locate task and in the
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compariso n task were shorter when color or shape was used to code altitude in

the area display t han when there was no status code used in the area display.

It was also shown that resp n’Se time on the cri ter ion t r i a l s  incre a sed when a

second code was added to the area disp lay in Phase 2; no chan ’es in performance

occurred between Phase 1 and 2 for the ontrol tn Is and there were no differ-

ences between control and criterion trials in Phase 2.

Area display coding was also shown to affe ct penform ’ance levels in the

idnnt i f i a ’ ion-memory tasks. These effects are summ ar ized in Fi gure 15 whic h

shows the mean time to ma ke the first response . the mean numb er of correct en-

sponses. a~d the overall mean correct response tim e per run as a function of

cu l l  vs. nar tial report conditions, phase . a nd criterion vs. control tnia ’s.

The dot s b r ’w ”  in the fi gure f0r pa’ t i n l  report were pooled ove r the two par -

tia~ re~ ~r
t condition s sHce the came t” ’~ds were foun d in the data for both

cce~ i tions.

In the pa~’tia l report condi tions first response time was affected by area

display stot~s, r (3, 12) = 7.79, p — .01 a nd 3.82 , p .05 for the controllable

and non contr o llable aircraft con ritions , respe~’tively . There were no si gnifi-

ce n t c~~ects on first response time in the ‘ii1l report condit ion . First re-

s:o~se time in th e partial report condition s were siqni~ ic an t l y affected by

a~ tit jd” status codinc in Phase 1 . However , while first response t ime decreased

from Phase 1 to Phase 2 for the control trials, there was no change be tween

phases for the criterion trials. The net effect was that there was no effer~

of area display coding in Phase 2. It thus appears that using shape codin q or

color coding to designate the approximate altitude of controllable aircraft en-

abled the subject to more qui~ kl y beg in a partial report of the controllable or

the uncont rollable aircraft. Hence , it was ri ” the al tit ude status informat ion

per se , but rather the increas ed differentiat ion between controllable and
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uncon t ro ll able aircraft which improved the time required to begin a multiple

tjr~ n~ report. Since performance on control trials increased from Phase 1 to

hase 2 hot per~ nrt”once on criterion trials does not change , it also appears

tha t the jse of shti ai ’d and color (or the encoding of altitude and speed status~

in Niase 2 criterion trials produced an interference effect which offset the

bene~ i 5 () f ‘raL ice .

~~o u s  cod ing in the area display adversely affected accura cy of i denti—

~ica t inn
_ ’e5 p ’y n fr ’nrr’ ’nce in both ‘he full report condition . F(3, 12) = 17.29 .

and in ~~~~~ :oetial re port con di ’ion oP control lable aircraf t , F(3, 12) =10. 30.

~~ n~ 
r.oncor~~rol lab le aircraft , F (3, 12) = 30.74, all at the .01 level.

once . ~. ‘ le ‘) ( ‘ r f f l r T ’ once accura cy increased from Phase 1 to Phase 2 on both cn i—

ten on and control trials , accura cy was always higher on the control trials

han on ‘be criterion trials.

dv °rall ‘~ean correct response time in the i dentificatio n_memory task was

a ’4 e c ’  d by the independent variables only for the partial report condition s,

~ ( 3 . 12) = 5.70. p - .05 for the controllable airc raft cond ition and F(3. 12) =

7.13. n < .01 for the noncontro llable ai rcraft condit ion . Gene rally, i t may be

~~~~ tha t mean respon se time was longer ~r criter~on t ri als than on control

tr ials. However , paire d compari son tests showed t hat the onl y sinn i~ icant ef-

‘i s ’ in the partial report conditions was a decrease in correct response ti m e

i ron base 1 to Phase 2.

The major conclusion that may be drawn from the criterion session levels

of pr’r~or ance is tha t the use of color and shape codes to provide partiall y re-

dundan t information concerning the flight status of controllable aircraft say

affect performance in discrete subtasks which are integrated wit h the overall

air traffic control problem. Whether or not there is an effect on discre te

task performance , and the direction and magn itude of those effects, is a
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P function of the specific task in question and the specific dependent measure

employe r . In no case will the effects be expected to vary due to color vs.

shape coding .

Subject °references

.

~

heo the subjects were asked if they liked the color and the shape c o d i n g

they all replied in the affirmative . Howeve r, when they were aske d if the

color and the shape coding hel ped in the air traffic contro l problem , the re
1

~.ero some di’ferences of op inion . The subjects indicated a preference for the

code w l i c b encode d the speed status information , and they expressed a belief

~ m at the speed status information improved their performance in the air traffic

control problem. This finding was unan imous over all six subjects and was

tiund whether speed was encoded by color or shape . Some subjects reported , and

it was apparent to the experimenters , that the strategy adopted by the subjects

( ‘~.‘as one in which they began each run by slowing down all aircraft . This strat-

ecy prov i ded more time to avoid crashes between aircraft or to prevent aircraft

from ~1 y ing 0ff the area display.

W hen su bjec ts were aske d if the area d i sp lay sta tus informat i on hel ped

their performance in the simple discrete tasks their answers were mixed. Three

su bj ec ts said that area display color coding helped in the discrete tasks and

three said color provided no help. Two subjects said that shape codin q helped

and fou r said that shape coding did not help in the discrete tasks.

In conclus ion , the n , the subjects showed a strong preference for color

and /or shape coding and they uniformly believed it aide d their performance in

the air traffic control task . In fact , there was a sign ifi cant decrease i n

air tra ffic control performance when shape or color was used to encode altitude

status.
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GENERAL CONCLUSIONS

The major conclusion s that can be drawn from the three new experiments

have been adequately summarized in Part I of this report . This section of the

report will reiterate those conclusions as they are determined by the single -

code condit ion s and wi l l  briefly expand the earlier conclusions to include the

e ’fects of dual-code conditions.

Fi r s t , the relat ive gain or loss associated wi th color coding was never

very la r° . whe never a re lat ive advantage for color exceeded ten percent it

most otten nc jrrcd when color was used in place of letters or in place of dig-

i t s in a di sv lay which had used both letters and d ig i t s .  In that case , other

cod ing v a r i ables ,  e .g . ,  f amiliar geometric shape , often l~ d to equally large

m ain s re lative to the letter -dig it combination . The relative gain in perfor-

“ a cm e ,~i’H c h accompanied the use of co lor coding varied as a function of the

tas k and the number o~ dimension s a coding variable employed . The largest rel-

ative qai~ scores generally occurre d for the higher density display s.

Second , comparisons between Experiment 1 and the previously reported single-

task exp eriments showed tha t the mu lti ple tasks (with inherent task uncertainty )

and va r iations in exposure time had no differential effects on performance .

Hence , whi le  there was often an overal l  change in performance level s between

the  cc~ibined tasks and single -task experiments , there  was  no e f f e c t  on the rel-

ative effectiveness of color coding .

Third , the re is evidence that the subject began to process the entire

sti m ulus array as soon as it was presented , and before he knew w hi ch task he

would be asked to perform . This conclusion is supported by the fact that prop-

erties of the stimulus array had significnat effects on choice reaction per-

formance even though the stimulus array was irrelevant. Fu r t her~ .re , highly

practiced subjects demonstra ted a strong tendency not only to process any and
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all potentiall y relevant information which was presented to them , but they also

showed a very strong tendency to organize and reorganize inputs from the dis-

play. This organizing tendency occurred as a function of heterogeneity of in-

puts (i.e., dual-codes) and as a function of differential task demands. Per-

formance was usually superior when there was an opportunity for differential

4 organization of input than when there was no opportunity for i nformation segre-

gation and reorganization . rt was also shown that color may be usefully em-

ployed as a codirwj variable i f there is an advantage or requirement for dis-

t ’nguis b ing one class of stimuli from another class of stimuli.

Fourth , the results indicate tha t the use of partially redundant multi—

I d i ’~ensional codinn had an effect on performance on the complex continuous task

~ and also on the simpler discrete subtasks that were integrated with it. Whethe r

or not ‘bere are effects is a function of the particular task in quest ion and

~be de~ rodent measure emoloyed to monitor performance . In no case were the re

any ef~°~ts in the integra ted task context due to color coding relative to shape

I cod i ng .

I
I
I
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